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Agricultural crop drying provides numerous appl ications where l ow 
to moderate temperature rises can provide a l arge percentage of the 
grain drying requirements . The appl i cation of sol ar energy to gra i n  
drying depends on the capability of the solar·energy system to provide 
temperature rises and enough heat to increase the rate at which mois­
ture i s  removed from the wet gra i n .  
The use of a solar concentrator has the potentia l t o  provide mod­
erate temperature rises at relatively low cost  provided that simpl icity 
of design  for the intensifier control system can be a ch i eved . Reduc­
tion of control system costs may be accomplished by manual focusing of 
the intensifier . 
The United States agricultural sys tem was deve l oped with abundant 
supplies of energy which accounted for only a smal l f raction of the 
cost  of supplying food and fiber.  Nearl y a l l of the estimated 5.6 x 
1013 Btu/year  (5. 89 x 1016 J/year ), Bender et a l . (4), used to dry corn 
in the United States is generated by burning high qual ity fos sil fuel s, 
wh i ch are now the energy resources in the shortes t supply . In order to 
meet the demand for food production as the worl d popu l ation continues 
to increase , al ternate sources of energy need to be devel oped and applied 
as substitutes  for these  high qual i ty fos sil fue l s .  Agricu l ture offers 
practical advantages for the use of solar heat energy because there 
exists ample  area for sol ar col l ectors and a w i de range of l ow to mod­
erate temperature appl i cati ons on most  farmsteads. 
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Current investigations of sol ar  energy util ization for agricul­
tural appl ication s  inc l ude many variations of sol a r  collectors and sol ar  
concentrators . However, data avall abl e on th.e use of sol ar  concentra­
tors for specific agrfcul tural  appl i cations in most c l imatic areas are 
l imited . Bec ause of the great importance· of devel oping a l ternate energy 
sources a s  substitutes for conventional energy source s, research was 
conducted with the fol l owing objective s : 
1. Design a sol ar  energy-intensifier s ystem for use i n  drying 
she 11 ed corn . 
2 .  Eva l uate the thermal efficiency and energy col l ecting capa­
btl ities of a sol ar energy-intensifier  for providing suppl e­
menta l heat for drying shel l ed corn under actua l climatic 
conditions. 
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LI TERATURE REVIEW 
Solar Energy Application to Agriculture 
Historical ly, agricultural uses of solar energy have inc l uded both 
in-the-field and in-storage crop dryi ng . Pell etier (40) in 1959 dis­
c ussed the use of sol ar energy for farm opera tions  designed to reduce 
the consumption of high l evel energy in the form of burn ing fuels, which 
are used to provide low l evel energy for space heating .  Pelletier (40) 
indicated that heating of livestock con finement buildings with so l ar 
energy was one of the most promising app l ications of so l ar energy be­
cause a vast amoun t of energy created in the buildings was l ost through 
the ventilating air which was used to remove moisture from bu il dings. 
Supplemen tal heat needs to be added· to the building to aid in mai n­
taining inside temperatures within the range of  animal comfort . 
Claybaugh (8) suggested that sola r energy cou l d be a factor in 
reducing energy expen d itures in pou l try and breeding houses. Urner (57) 
indicated that so l ar energy cou l d play a sign ificant p art in poultry 
house ventilation by increasing producti on efficiencies and by more than 
do ubling the amount  of heat available in a poultry house fo r moisture 
removal , which  woul d p rovide a more healthy environment for the poul try. 
Research  results from Harmon (20) and Reed (44) confirmed p revious 
reports by Urner (57) of sol ar energy a pp l i cat i ons as a means to i m­
prove poul try house environment. Further investigations on  so l a r energy 
heating in pou l t ry housing have been conducted by Carr et al . (7), 
Reese {43), and Harris ( 2 1 ) .  These three studies indica ted that sol ar 
energy reduced fuel requirements for heating and that sola r energy seemed 
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to have very· good potentia l for heating appl ications in poul try bui l di ngs . 
Deshazer et a l . (10 ),  Ha l l  (19), Parker (38), a nd Spil l man, Robbins 
and Koen (50). nave conducted studies on the us.e of s.ol ar  suppl emental  
heatfng in swine conf i nement buil di ngs . Reynol ds (45) and Yexl ey, 
Hel l ickson and Witmer (63) conducted researcQ on beef confinement 
5ui1 dings and Thompson (55 ) conducted research. for a mil king par 1 or . 
These studies i.ndi cated a reduction in fossi l or conventiona l  fuel 
requirements. 
Increases i n  fossi l fue l  usage have a l so occurred on the farm as a 
resul t of the rapid i ncrease in grain producti on . Corn producti on rose 
by 170 percent from 1953 .to 1973, Bender et a l . (4), whi ch resulted in 
changing methods for corn harvesti _ng techn i ques and consequentl y caused 
changes i n  handl i ng and storage methods. The switch from ear corn har­
vesti ng to in -the- fiel d shel l ing of corn made i t  diff i cul t for commer­
c i a l  el evators to handl e the corn produced at  the increased ha rvesting 
rate so fa rmers turned to on- farm drying and star.age systems . It was 
estimated that at the end of 1975 there were in excess. of 100,000 c rop 
dryers in use and that a l arge port ion of the dryers (70 percen t i n  
1970} were under 200 bushel s/hour (7 M3/hr) , i n -bi n drying systems, 
Bender et a l . (4). These i n -storage drying systems require low l evel s 
of heat  input over extended periods and can tol erate i ntermittent  or 
variabl e l evel s of heat  input . Sol ar ene.rgy, as a resul t, is cons.idered 
more appl icabl e to l ow- temperature, i n-storage drying systems than to 
high-temperature, high-speed drying systems, Foster a nd Peart ( 14). 
Severa l sol a r  energy col l ector systems have been tested for use i n  
l ow-temperature g rain drying . Keener et a l . (25) reported on various 
types of pl ast i c  film col lectors utilizi ng circul ar or semicircul ar 
infl ated pl astic tubes and a triangu l ar frame supported style wh ich 
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coul d be used on the ground. Eva l uations. of ene_rgy use for a combinat ion 
convent i'onal h_tgh-temperature dryer and l ow-temperature sol ar suppl emented 
in-b i n  drying were conducted by Morey and Cl oud (34 ) .  The corn was moved 
from the high-temperature dryer to the bi n at  2 2  percent moisture content. 
Morey and Cl oud (34) concl uded that the addi tional energy savings obtained 
with sol ar supplementation of the ambient air for the low-temperature 
phase were modest compared to the s_igni ficant  s.avi.ngs whi.cb. occurred when  
low-temperature drying was used combination with high-temperature dryi ng. 
Recent experiments by Morrison and Shove (35 ) and Anderson and Bern (1) 
investigated the use of heat pumps wi th sol ar suppl emented heat . 
Morrison and Shove ( 35) concl uded i n  the 197 6  study that the sol ar 
energy- he�t pump combination was effective with a n  el ectrica l energy 
consumption reduction of 50 percent. Anderson and Bern (l) compared a 
solar assisted heat pump system to a heat pump a l one and is current l y 
con tinuing the ana l ysis of the effecti veness of t he two sys.terns . 
Peterson (41) reported on resul ts of vari ous gra i n  bin sidewa l l ,  fl at  
pl ate , sol ar col lectors whi ch i ndicated savi ngs in  el ectrical energy 
consumption over conventiona l  ambient a ir dry i ng. Lipper and Wel ker (28 ) 
conducted research on a "bib-bin" wal l sol ar col l ector that  consisted of 
a cl ear p l astic f i l m  and an  opaque p l ast ic  fil m  with the fan d1schargi ng 
air between the fil ms . It was concl uded that the col l ector offered good 
flexibili ty for adaptati on to bui l di ng roofs or wa l l s ,  bi n wall s or 
coul d be placed on tne ground . Two probl ems existed wi th the system:. 
rodents caused damage to the col l ector and the pl astic seams were 
stressed by the hoops. whil e the co 1 1  ector was under pressure . Lipper 
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and Welker (28) in another study concluded that air in flated , reinforced , 
plastic structures were not sui'table for grain drying and storage be­
cause of  hi.gh energy costs of fan opera ti on and the s.uscepti bil ity of 
the structures to wind damage . Hall (18} concluded that the utilization 
of l ow-temperature solar heat seems to be a very practical  and economi­
cal practice for livestock shel ter ven tilation and grain drying where 
the butldi�g r6of and wall a re used as coll ectors .  In addition to these 
appl ication studies, Morey and Cloud (34), Peart (39), Thompson and 
Pierce (56) and Bakker-Arkema, Brooker and Roth (3} have conducted com­
puter si mulation of sol ar  energy grain drying as an a l ternative approach 
to predict the v i abi l ity of solar energy as a s.upplementa l  heat source . 
When solar heat is added in the daytime , continued fan operati,on 
during the night, when relative humidity is bign, hel ps offset daytime 
overdrying and provides more uniform drying through the total grain 
depth. T hi s  is accompl ished because the overdried grain receives mois­
ture from the high humidity night air, which reduces the overdrying and 
lowers the a i r humidity so the grain above the overdried l ayer wil l  con­
tinue to dry . There is insufficient energy stored in the overdried 
grain to permit drying to proceed during l ong periods of incl ement 
weather, Foster and Peart (14). 
The need for s.tortng s.olar heat for n .\gh.t� and cloudy da,ys.. is. one 
of the unavoi dabl e problems of solar heating, Tel kes (54), if continuous 
operation is essenti a l , as it is with most solar heating and cool i ng 
systems, Yel l ott (62). Eckhoff et a l . (13) def i ne a· therma l storage 
device as a component in which energy is accepted as heat from a transfer 
fluid and is stored in the therma l storage media usual l y  as sensibl e 
heat or t he heat of fusion. The heat is stored by the media unt i l the 
energy is needed at wnich time a transfer fl uid is heated by the stored 
energy and moved to the desired appl ication. 
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The storage materia l  determines to a l arge degree the capabil ity of 
the system and is the major problem in the design of a star.age system, 
Matnur (32}. Storage materials tested can be divided into two broad 
categories: material s  that store energy in the form of s.ensi.bl e heat, 
and materials that undergo a change of state or physica l -c hemica l  change 
at some temperature within the practica l range of temperature provided 
by a solar col lector, norma l l y, 90 to 120 F ( 32. 2 to 48. 9  C). 
Storage materia l s  in the sensibl e heat category that are practica l 
're water and rocks , Mathur ( 32 )  and Parker, Loewer and White ( 37}. 
Eckhoff a nd Okos ( 12 )  stated that for l arge vol ume, l ong term storage , 
rocks ( 1280 tons, 1163. 6  metric tons ) or soil in a wate rproof pit (633 
tons, 575 . 5  metric tons ) cou l d  prov i de satisfactory energy (4.0 x 107 
Btus or 4. 2 1  x 1 010 J) for grain drying in the fal l  and woul d require 
energy collection during the summer to properl y store enough heat for 
fall usage. Water, rocks, and soil have been investigated for storage 
material because each is easil y obtainabl e ,  inexpensive in most a reas 
and possesses reasonabl e heat storage capabil ity, Eckhoff et al . ( 13 ) ,  
Mathur ( 32 ), Parker, Loewer and t�hite ( 37 ) .  
Parker, Loewer and White (37 ) stated that for high temperature 
storage at 250 F (121.1 C)  that water storage in a pressure vessel was 
cost prohibitive . Therefore, Parker, Loewer and White (37 ) concl uded 
that a rock storage used with a high temperature tracking sol ar col l ector 
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to produce a storage temperature of 250 F (121.1 C) coul d dry 6. 4 bushel s 
(0.22 M3} of corn per cubic yard (0.76 M3) of stone from 25 percent down 
to 15 . 5 percent moisture content and woul d reduce the star.age temperature 
to 100 F (37.8 C). Parker, Loewer and Whi te (37) further stated that the 
drying capac i.ty could be daub 1 ed for the same storage capacity, if  the 
f irst half of the mois·ture content of the corn was removed utiliz i ng 
high-temperature drying . 
Storage of solar energy by change of state, according to MacCracken 
(31), is feasible but requires a l iquid system as a heat transfer fl ui d 
and heat exchangers at the fans for a ir  heati ng appl i cati ons . MacCracken 
(31) stated that low cost phase change materi a l s  are ava i labl e at con­
version temperatures of 90 F or 32.2 C (sodi �m sul fate decahydrate ),  
118 F or 47.7 C (sod i um thiosul fate ) and 150 F or 95.6 C (trisodium 
phosphate dodecahydrate wi th add itives ) .  It was concluded that 90 F 
(32.2 C )  thermal storage woul d  be suitabl e for fa rm appl ications and, 
that if storage temperatures l ower than 90 F (32.2 C) were needed, a 
series of other salts giv i ng eutecti c mixtures coul d produce mel t i ng 
poi nts down to 40  F (4.4 C ) . The major weakness. of star.age by phase 
change materials is that considerabl e supercool i ng can  occur and dur i ng 
thi s period the stored heat wil l not release unti l either some nuc l ei 
are introduced or the sa l ts are stirred, Mathur (32). 
Agri.cul tura l appl i cati ons util izing a sol ar ene.rgy col l ector with 
a storage system offer practical  advantages for farm use . The farm site 
normal l y  has ampl e area for coll ectors, .fuel c apacity for backup and 
peak demand, and a w i de range of l ow and i ntermed i ate heat requi rements� 
Smi th ( 48 ) . The d istribution of agricul tura l  heati_ng requirements 
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thro_ughout the year poi nts  to the concept of a mul t i p l e use system which 
can suppl y energy for several appl icati ons, Des Chenes et al. (9),  
Fos ter and Peart (14 ),  Smith (48 ) .  The coll ector systems mus t  be  cen­
tral l y  located in rel ati on to the var iou� appl icati ons or portabl e  to 
within reasonabl e dts tances as t he maxi mum distance for systems us i ng 
air is 200 feet (61 . 0  M ) ,  Smi th (48 ) .  The mul tiple use concept al l ows 
for l arger col l ector capaci ty, which  can be- economical l y  more feas i ble, 
foster and Peart (14 ) . 
A mult i pl e  use sys tem requi res a hi gher qual ity heat output (i nter­
medi ate range ) whi ch i s  a principal advantage of a focus ing col l ector. 
The energy fl ux on the absorber per uni t aperature area i s  1 arger than 
for fl at plate col l ectors, Krei th  ( 27). The resul ti ng thermal l os ses 
are smal l er because the area of the absorber surface i s  smaller. The 
effici ency.of the focus i ng col l ector i s  general l y  hi gher than a fl at 
pl ate col lector at the same temperature l evel unl es s optical l os ses 
are undul y l arge . 
Sol ar energy projects were undertaken i n  the pas t because of the 
conviction that the sun can prov i de most, if not a l l ,  of  the heat 
requi red by s tructures of moderate s i ze. This conviction lead the 
NSF/NASA sol ar energy panel i n  1972 to concl ude that so l ar energy i s  
recei ved in suffi cient quant ity to make a major contr i but ion to future 
United States  heat and power needs and that there are no techni cal 
barri ers to w i de appl i cati .on of sol ar ene_rgy to meet Uni ted States needs, 
ASHRAE (2 ) .  However, there are bas i c  probl ems to overcome to ach i eve 
these goal s. So l ar radiati on i s  relati vel y l ow in i ntensi ty, rarel y 
exceedi ng 300  Btus per hour per square foot (3.40 x 106 J/hr-M2 ), wh i ch 
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makes la rge co l lectors necessary when l arge amounts of energy a re re­
qui red. Sol ar  radiati on is i ntermittent from the s tandpoint of di ur­
na l variat i ons and weather var i atfons, whi ch requ i res a means of energy 
storage for cont i nuous use at night and during cloudy conditions, 
ASHRAE (2), Fos ter and Peart (14). This vari at i on of solar radiati on 
can differ a bout 40 percent between monthly aver.ages. from year  to year 
and typical ly 20 to 30 percent from site to site, Wi l l i ams  (60). 
So l ar Concentrator Systems 
Winsto n  (61) stated that for most so l ar  po.wer appl i cations i t  i s  
necess ary to concentrate t he so l ar radiati on by a t  least an order of 
magni tude in order to either ach ieve hi .gb tempera tures or  a s  Rabl (42) 
stated to reduce t he cost of the system when the a b.sorber cost i s  much. 
Qfgher than the concentrator cost. Hel l i ckson (2�) �tated that a s o l ar  
concentrator is a devi ce that focuses o r  refl ect s  energy from a rel a­
tive l y l a rge area onto a rel a tivel y sma l l area. The heat l os ses from 
a col lecto r, accord i ng to Rabl  (42), are proportiona l to the absorber 
area, and thus i nversel y proportional to the concentrati on where concen­
t rat ion i s  defined a s  aperature area divided by t he absorber area. One 
of the major advantages, a s  a resul t of us  i _ng a concentrator, is that 
the higher concentration serves. a s  one means of increas ing overa l l  
system effi ciency, Hell i ckson ( 23). 
An important fa ctor t hat mus t  be considered when examining various 
types of concentrators is that tracking the sun w i th a mechani sm 
attacned to the reflector surface invo l ves a considerabl e increase i n  
the cost of equipment and its maintenance, Tabor (51) . Therefore, an 
eval uation of a non-tracki ng refl ector system that concentrates the 
sun's rays requ i res. an understanding of some of the aspects. of sol a r  
geometry . 
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Tabor and Ze i mer (52) stated that a s  the sun moves acros s the sky 
from sunrise to sunset, the vertica l  ris e and fa l l  is a much smal l er 
a.ngul ar  motion as  compared to the l a .rger hor i zonta l ,  a .ngul ar movement. 
Con�equentl y, focus i ng i s  more l i ke l y  accompl i shed for a stati onary 
mirror, i f  more emphas i s  i s  p l aced on a l titude movements than is pl aced 
on azi muth movements of the sun .  For the  days of equ i nox, the sun 
appears to descr i be an exact semi ci rcl e in  a pl ane pas s i ng through the 
observer where the ti l t  of the pl ane to the vert ica l  i s  equa l to the 
geographical l at i tude of the site of the observer . If a camera wi th the 
l ens repl aced by a thi n  hori zonta l s l it  w ith an east-we st ori entati on 
were pointed at the sun at noon , a hori zontal l i ne image woul d be formed 
and as  the sun moved duri ng the day that image woul d  move a l ong i ts own 
l ength but woul d not have a verti ca l  d i spl acement . A cyl i ndr i ca l  refl ec­
tor woul d gi ve the same effect, provi ded i t  was very l ong i n  the east­
west d i rection , and th.i s  would enab l e the concentrati on of the beam w ith­
out movi ng t he reflector . On any other day, when the camera i s  pointed 
at the sun a t  noon, a vertica l  trans l ati on of the i mage occurs i n  the 
morning and eveni ng. Cons equentl y, for the concentrator system to 
receive the image throughout the ent i re day, the sys tem must be.quite 
tal l so that the maximum poss i bl e concentration is  reduced . 
Tabor and Ze i mer (52) found that acceptance of sol a r  rad i ation 
dur ing the ent i re year from 8 a . m .  to 4 p . m .  invol ves a total "sw i ng of 
V", the change i n  a l ti tude wh i ch i s  mea sured from the equinox wi th ti me , 
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of ±41 degrees or 82 degrees.  It  was noted that a cceptance angl es, the 
angular range over which rad i at i on i s  accepted without moving al l or 
part of the col l ector, of the order of 82 degrees cannot be accommoda ted 
by refl ec tors. with a COf1centrati on rati.o_ greater than one. Therefore , a 
reflector fixed durfng the en t i  re year cannot furni s h  any useful concen­
trat ion. Useful concentration can be obta i ned from a parabolic trough 
refl ector w i th the trough axi s  ori ented eas t-west  wi thout a d i urna l sol ar 
tracki ng mechan ism and approximatel y weekly tilt adjustments , Tabor (53),  
ASHRAE {2) , Seitel  (47), Rabl (42) . Tabor and Zei mer (52) conc l uded that 
the acceptance angl e must be at l east 12 degrees for a col l ecti on of 
±3 1/ 2 hours on the sol st i ce ( and l onger on other days ) . Weekl y t i l t  
adjustment s  woul d then yiel d a maxi mum concentrat i on rati o of 3 when the 
acceptance angl e i s  15 degrees, Tabor and Zei mer  (52) , Rabl  (42) . Rabl  
(42) found that the maxi mum concentration rati o obta i nabl e for a para­
bolic trough reflector w ith a cyl i ndrica l absorber wa s one-quarter short 
of the i deal l im i t where i deal concentrat ion was defi ned a s  the maximum 
concentrati on permi tted by the second l aw of thermodynami c s . 
Rabl (42) s tated that a rat i onal bas i s  for dec is i ons on select i ng 
concentrators that woul d be best  sui ted to a part i cula r app l i cat i on 
should i nclude the fol l ow i ng: concentration, a cceptance ang l e, sens i ­
t i vi ty to refl ector and a l i gnment errors , s i ze of reflector area , and 
the average number of refl ect i ons. 
Wi nston (61) found that the i dea l or Winston concentrator has the 
capab il i ty of concentrat i ng sol ar  rad i at ion by a fac tor of 10 wi thout 
diurna l t racking. The term ideal is used to i nd i cat� that a l l of the 
sol a r  rays entering the concentrator are recei "ved by t he a bsorber. 
13  
Rabl l42) concluded that the Wi nston concentrator has the major dis ad­
vantage of requ i r ing a l arge refl ector area . A ful l Winston concentra­
tor with an  acceptance ha l f  angl e of 6 degrees concentrates by a factor 
of 9 . 6  but requires a tota l of 1 0 . 2 square meters of refl ector area for 
each square meter of aperature . 
The s ta tiona ry "seashel l "  concent rator, according to Rabl (42), has 
the advan tage of vari abl e output with the seasons . The concentrator has 
an acceptance hal f  a ngl e of 36 degrees. and i.s trul y s ta t i onary with a 
col l ection time of at l east 7 hours per day. The concentration i s  1.7 
at normal i nci dence, but varies from zero to 3 . 4 dependi ng upon i ts 
orientation. 
Rabl {42) s tated that a fiel d of Fresnel mirrors ca n be used advan­
tageously for l arge instal l ations . A fiel d of Fresnel mirrors i s  a 
group of mirrors, each of wh i ch can be separa tel y moved to di rect l ight 
to a common focus . Nel son (36) found that the l inear Fresnel l ens when 
seasona l l y adjusted can g i ve a weighted concen trat ion rat i o, product of 
the col l ection effici ency and col l ector to absorber ratio, of 5 wi th an 
overal l  annua l  col l ection effici ency, ratio of i rradi ance at  the absor­
ber to irradi ance at  the first surface of the concent rator, of 52  per­
cent .  The instantaneous concentrati on rat i o  varies from a maxi mum of 
about 10 a t  noon to a mi nimum cl ose to zero about four hours on either 
s i de of noon, which causes the power del ivered to the absorber to break 
sharpl y from the power i ncident upon the concentrator at approxi matel y 
one hour from noon . 
Tabor and Zei mer {_52) eva l uated the use of an in
.
fl  a ted cyl i ndri cal 
focus i ng col lector .  rt was concl uded that for a moderate to l arge 
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angul ar range for whtcn al l rays reached the absorber in the order of 15 
to 20 d_egrees, a c i rcul ar profi l e  coul d provide better overal l focusing 
than a parabo l ic profil e .  Descriptivel y  thi s  means that a parabol i c  
mi.rror rapidl y l oses . symmetry with respect to the incomi_ng beam as the 
beam defl ects from the paraxial position, whereas a circul ar profi l e  i s  
al ways symmetrical . Thus, there i s  a crossover point in beam defl ection 
where the circ l e  has a better focus even though·the parabol a focuses a 
paraxi a l  beam better than does  a circl e .  Tabor and Zeimer (52) conc l uded 
that a concentration ratio of about 3 can be achieved with seas onal 
adjus tment, when an i soscel es triangul ar shaped col l ector is used.  
Seite l (47) found that south fac i ng refl ecting surfaces can be used 
to increase the energy y i e l d  of hori zontal fl at p l ate col l ectors in  two 
ways: by increas i ng the total col l ection area, and by redirecting the 
sol ar radiation to more nearl y normal incidence on the col l ector whi ch  
i s  i mportant when the  col l ector is not  til ted to the optimum angl e .  
The enhancement in light gathering abil ity with  normal  operat i ng condi­
tions for the refl ector-col l ector combinat i on i s  about 1 . 4 to 1 . 7 . The 
enhancement for diffused radiation is  e stimated to be about .l . 25 to 
1. 30. Seitel  ( 47) concluded that refl ectors of this type are particu­
l arl y useful when the col l ector is constrained to an unfavorabl e 
orientation .  
Tabor and Zei mer (52) h.ave conducted work invol ving stde mirrors on 
a fixed, fl at pl ate col l ector with an east-west ori entati on .  The amount 
of radiation reac�ing the col l ector is enhanced by the  mi rrors and the 
system i s  often referred to as the Shuman sys tem . Tabor and Zei rne r  (52) 
found that the output coul d be increased by a factor of about two if the 
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cutoff intensity for the col l ector was equal to one-ha l f  the peak 
intensity. The major disadvantage of the system is that a peaky output 
is obtained, where tne output is htgh around noon and low in the ear l y  
morni�g and l ate afternoon . Tabor and Ze i mer (52) evaluated an a l terna­
tive system whi ch invo l ved an east facing m i rror pl aced on the west  edge 
of the coll ector in the forenoon, then i t  was transferred manual l y  a t  
noon to the ea st  edge and faced west . Thi s sys tem produced about the 
same output as the Shuman system but the output was approximate l y  
rectangular . 
U5f and Duffie {29) s tated two factors that must  be considered in 
dec1ding on the type of refl ector whicn should he used in a particul ar  
appli cation . When a des i red operati ng temperature is  a l imiting factor , 
Lof and Duffi e (29) concl uded that cyl indri cal , spher i cal and conica l 
reflectors may be used effective l y  for temperatures  up to severa l hundred 
degrees F (one to two hundred degrees C) . The other factor  is absorber 
size , Lof (30). Optica l  l os ses  predomi nate i n  the ca s e  of small ta rget 
areas i n  comparison to the sun's refl ected i mage, wh i ch has a width o f  
32 minutes . However , Krei der ( 26) concl uded that the effect s  o f  tracki ng 
and surface areas  can be i gnored in  the ana l ysis, when concentration 
rat ios bel ow 50 a re used and the absorber wi dth i s  more than twice the 
diameter of the sun's i mage at the absorber surface. 
A refl ector i s  i nherent ly  cheaper to construct than a co l lector, 
wnich gives a substanti a l  reducti on in cost, and it can more eas i l y  
track the sun because  l ess weight i s  invo l ved . A tiltab1e reflector 
surface can offer the advantage of reduced wi nd l oading for s ome periods 
duri ng the year  a s  well as  ease in  c l ean ing the surface, Tabor (53). 
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Al l of th.es.e facts  b.ecome i mportant for northern , col der c l i mates where 
the heat requirements are greater and the peak a l t i tude ang le  of the sun 
i s  sma l l at winter sol s tice wi th a l arge different i a l between the winter 
and summer peak a.ngl es . 
Col l ec tor Des i gn Con s iderations 
A fl a t  pl ate co l l ector is an i deal type of device in that it con­
tai ns no movi ng pa rts, i s  rel ati vel y easy to construc t and i s  ea sy to 
mainta i n, Pel l etier (40). Exper i mentati on wi th a doubl e exposure fl at  
pl ate collector with a fl at refl ector i nc reased peak energy by 18 per­
cent, Souka (49). The use of both s i des of a col l ector surface a l so 
eliminates t he need for insul ation of the back �ide of the col l ector . 
Col der c l i ma tes wi th increa sed temperature d i fferent i a l s neces s i ta te 
the use of two covers  on the col l ector to i mprove the effi c i ency, 
accord ing to Foster and Peart (14), espec i a l l y  when a non-sel ect i ve sur­
face ( i . e .  fl a t  black pa i nt) i s  used on the co l l ector, ASHRAE (2). Use 
of ga l vanized sheet s teel as the col l ector surface improves the heat 
trans fer surface a s  compared to a fl at pl ate and it has a l ow fi r st  cost. 
It has been found that, i f  the enti re co l l ector surface i s  swept by the 
heat transfer fluid, the conduct i vity of the mater i a l  becomes uni mportant, 
ASHRAE (2). The co l l ector surface shoul d be i n  contact  wi th as l i tt l e of 
the per i meter of the co l l ector frame a s  poss i bl e  to reduce conducti ve 
heat  l os s, and edge i nsul ation i s  recommended a t  l i nch (2.54 cm), 
Whtl l i er (58). Godbey, Bond and Zorni g (16) state that the choi ce o f  
cover materi a l s i s  dependent upon several factors: sol ar  energy trans­
miss i on, l ong wavel ength energy transmi s sion, resul .t i ng amount of d i ffuse 
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sol ar radiat i on under the cover, resistance to  ultra-vio l et degradation, 
mechan i ca l  strength., weight, materia l cost, and i n stal lation costs . 
Godbey, Bond and Zornig (16) conc l uded that a conunon weaknes s  of many 
cover i ng materi als, notabl y pol yethylene pl a stic, i s  a l ow res i stance
.
to 
weatheri .ng . Ul tra-violet radi .ati on promotes photochemi ca l proces ses  i n  
c l ear pl astics whi ch are a major cause of  degradat ion  a nd that  the solar 
rad i ation spectrum band between 0 . 3 to 3 . 5 . m i l i micro n s  i s  detri mental to 
most p l a st i c  po l ymers . Godbey, Bond and Zorn i g  (16) further concl uded 
that heat was the domi nant factor for many types o f  pol ymers and that 
oxygen, humi d ity and wetness were only sl .i ghtl y s .ignificant . Pl a stic 
(pol yvinyl fluoride) covers provide the necess a ry s trength, durabi l i ty 
and repa irabili ty for the more rugged farm envi ronment a ccording to 
Whil l ier (58). It was conc l uded the net effect o f  plas tics on heat l os s  
were the  s ame a s  gl a s s . 
Jordan et a l . (24) stated that a 2 percent reduct i on  i n  transmit-
tance due to  di rt and dust bui l dup was adequate for s o l ar energy l os se s  
through a cover system that was more-or l es s  sea l ed and had on l y  the 
outer surface exposed to dust .  Robbins and Spi l l man  (46) tes ted a col­
l ector wi th the transparent pla st i c  cover used as  the a i r i ntake, thus 
con stantly expos i ng a l l cover surfaces to new a i r  a nd ·dus t .  Robbins and 
Spi l l man (46) concl uded that the dust bui l dup during one  year of  opera­
ti on o f the system had li ttl e effect on transmi ttance . Pl a sti c covers 
tes ted by Garg (15 ) in a moderatel y dusty c l i mate showed a dirt correc-
ti on factor for vert ica l  covers of  0 . 95 .  
The e ffects o f  s hadfog by the support frames for the covers (2 to 4 
percen t  of  co l lector  area) and the frami ng of the coll ec tor surface can 
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be compensated for by pa i nting the i nside supports bl ack to a i d  adsorp­
tion and the outs.ide supports whi te to refl ect l .ight. This was found to 
give a net  effect for shading l osses  of approx i ma te l y 3 percent  for i nc i­
dence angl e s  at 45 degrees, Whil l ier (58). 
The pre£ence of s i gnifi cant diffuse so l ar  inso l a tion due to scat­
tering modifie s  the need for col l ector orientation norma l to the sun's 
rays so that preci s e  co l l ector ori entati on is not critical . Experi­
menta l evidence snows that the reduction in insolation col l ected is 
not very rapid for angular changes up to about 15 to 40 degrees  away 
from optimum as t he col l ector ori entation angl e is varied away from the 
optimum angl e ca l cul ated for a direct beam, McDaniel s  et  a l . (33 ) .  A 
col l ector that i.s vertica l requi res a refl ector that wil l bring the 
sun's rays  onto the col l ector surface within thes e  angul a r  l imi ts . 
Economics 
Fl a t  p l a te co l l ectors wi thout refl ectors produci ng up to 15 F 
(8.3 C )  temperature rises  and used wi th the existi ng a erati on  systems 
were found to be economica l , Bue 1 ow ( 6 ) . A sys .tern with a refl ector pro­
duci ng a 55 F ( 30 . 6 C )  temperature rise doubl e s  the drying rate in crop 
dryers but the  durat i on of the sea son i s  too short to  jus t i fy the ex­
pense of the system, Smi th  (48). Drying stud i es obtaini.ng a maximum o f  
30 F (16. 7 C )  temperature ris e conducted by Wil l iams (60 ) revea l ed that 
in fl atab l e co l l ectors rea l ized cons iderabl e savi ngs in e l ectr i ci ty and 
fos sil  fue l s but not enough to offset the expense  of the col l ector . The 
concl usion was that l es s  expens i ve materi a l  must be used or a mul t i pl e 
use system is necessary, Sm i th ( 48), Wi 11 i ams. ( 60 ) ,  . Foster  a nd Peart ( 14) . 
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The cost of the sol ar collector sys tem i s  the opt i mizi ng cri terion 
for design for mos t pr act i .ca 1 app 1 i cat ions , U5f and Duffie (29). Thi s 
will be offset to some d_egree by ris i ng fuel cos .ts, Fos ter and Peart (14), 
Spillman, Robbins and Koch (50) . Several approaches to economic analysis 
are suggested for determining the cost  effect i venes s of a system .  The 
more rigorous approach using engineeri ng economy methods, Grant , Ireson 
and Leavenworth (17), is  to show the system cos ts in terms of uniform 
cos t , Spil lman, Robbi n s  and Koch (50) . Costs can a l so be s tated i n  terms 
of energy output . Pell et ier  ( 40) sugges ted the area of the collector be 
divi ded by the annual value of heat collected i n  terms of fuel type costs 
to arrive at the earn i ng power per square foot (0 . 09 M2) of col lector. 
Lof and Duffi e (29) suggested a maximization of the value of a ·rati o 
equal to the usefu l  heat  output times the years of use ful life  divided 
by the total capita l i nvestment . 
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RESEARCH PROCEDURE 
The s ol a r  energy- i n tens i f i er sys tem was des i g ned  w i th a two- s i ded 
ve rt i ca l  col l ector and a parabol i c  trough refl ector . The des i gn of the 
sys tem emphas i zed  the use of genera l l y  ava i l a b l e mater i a l s .  Con s e­
qu en t l y , a l l materi a l s for the construct i on of the  sys t em were obta i ned  
l oca l l y  wi th the  except i on of the  p l ast i c for the  col l e ctor covers and  
the refl ector f i l m  s u rface . 
The col l ector wa s cons tructed wi th nomi n a l  outs i de d i men s i on s  of 
4 feet h i g h  by 2 4  feet l ong (l . 2  M to 7 . 3  M) and  u s e d  a i r as  the h eat 
transfe r  f l u i d ,  F i g u re 1 .  The s ol a r  energy absorber  was covered w i th  
two l aye rs of transparent  p l a s t i c s eparated by a 3/4 i n ch (1 . 9  cm ) , 
i nsu l at i ng a i r s pace . The  ou ts i de cover i s  a weather  res i s tant compos ­
i te pol yester  f i l m ,  5 mi l s  th i c k wi th greater u l t rav i ol et absorpti on 
than g l a s s , l i gh t  t ran smi ttance s imi l ar to g l as s  and  i ns u l a t i on char­
acte ri s t i cs  s i mi l a r to g l a s s , (64) . The i n s i de cover  i s  pol yester  fi l m ,  
3 mi l s  th i c k ,  w i th  n o  u l trav i ol et stab i l i zat i on .  The a bs orbe r s u rface 
i s  29 gauge  (0 . 34 mm) ga l van i zed stee l sheet i ng  pa i nted w i th  two coats 
of f l at b l a c k  ename l . Col l ector fram i ng and wi ndow f rami n g  for the  p l a s­
ti c covers reduce d  the  col l ector abs orber area by 1 4 . l percen t for a 
tota l effect i ve col l ector area of 1 65 square feet (1 5 . 3 M2 ) ,  F i g u re 2 .  
Th e ref l ector wa s 1 1 . 86 feet h i gh and 3 6  feet i n  l ength (3 . 6 · M and  
1 1 . 0 M) .  I t  was constru cted i n  three , separate sect i on s each 1 2  feet 
(3 . 7 M) l ong to a l l ow eas i e r manua l  focu s i n g of the ref l ector . The 
ref l ector frame was of stee l cons tru ct i on and  the refl ect i ve  s urface 
cons i sted of a met a l i zed  acryl i c  f i l m  wi th a pres s u r i zed adhes i ve 
1. 5" (3.81 cm) 
TURN I NG AREA 
2" x 4" SUPPORT 
(5.08 cm x 10.16 cm) 
2" x 2" REST 
(S.08 cm x 5.08 cm) 





5/8" (1.59 cm) OPENING 
AC PLYWOOD, 
1/ 2" ( 1. 27 cm) 
4 1/2" (11.43 cm) 
AIR SPACE 
2 1  
2" x 811 CENTER 
(5.08 cm x 20.32 cm) 
l" (2.54 cm) URETHANE 
F i g ure 1. Col l ector c
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Figure 2. Effec�ive collector surface area, one inch fir stripping and other framing material 




bac k i ng app l i ed to  1/4 i n ch (6.4 mm) compos i te boa rd and  attached to 
the stru ctura l frame . The refl ecti v i ty of the f i l m  wa s 80 to 90 percent 
for wav e l engths of 0 . 3 to 2 . 2  mi l l i mi cron s . The  parabol i c  s hape  s e ­
l ected for t h e  ref l ector , when u s ed wi th the p i vot  po i n t at the  bottom 
of the ref l ector , req u i red a 11 . 5-foot (3 . 5  M) s egment  o f  a 1 5-foot 
(4.6 M) para bo l i c  c urve . The segment used was that port i on from 2 feet 
(0. 6 M) a bove the d irectri x to a poi nt 1 3 . 5  feet (4. 1 M) a bove the 
d i rectri x ,  w h i ch  prov i ded a foca l  stri p on the col l ector s u rface from 
wi nter sols t i ce throug h  summe r so l st i ce for the B roo k i ng s , South Da kota 
l ati tude wi t h  approxi mate ly  week ly  focu s i ng of the refl ector , F i g ure 3 .  
The refl ector was e l evated to the proper he i g ht wi t h  wooden posts  and  
add i ti on a l  stru ctural  s upport was prov i ded  by 6- i nch  by 6 - i nch  ( 1 5 . 2 cm 
by 1 5 . 2  cm ) wooden posts . The adjustment was man u a l l y  perfo rmed week l y 
thro ugh  the  u s e  o f  s l o tted chan n e l  i ron , F i g u re 4. The co l l ector was 
p l aced 1 0 . 8 feet ( 3 . 29 M) from the ref l ector by m i s ta ke a n d  s hou l d  have 
been p l aced at 1 1 . 8 feet ( 3 . 60 M). 
The p l e n um and  con necti ng  du ct work were con s t ructed from 1 / 2 i n ch  
( 1 . 3  cm ) p lywood wi th 1 i nch  ( 2.5  cm ) polyurethane  i n s u l at i on board . 
The p l enum was a ng l ed from 0.5 feet to 4 . 0 feet (0. 1 5  M to 1 . 2 M) to 
prov i de a more u n i fonn a i rf l ow through  the coll ecto r , F i g ure 5 .  
The research was conducted at the Agri cu l tu ra l  En g i neeri ng  Research 
Farm approxi mate l y 7 mi l es ( 1 1 . 3 ki l ometers ) sou thwest  of Broo k i ngs . 
The test  l ocat i on con s i sted of the so l ar energy- i ntens i f i er sys tem ,  two 
1 000 bu she l  (3 5 . 2  M3) ,  1 5-foot (4.6 M) diameter , conven t i ona l  dry i n g  
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mo veme n t  on the  c o l l ec to r .  
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Fi gure 5 .  P l an v i ew of the research fac i l i ty .  
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pr i or  to  be i ng  p l aced i n  t he b i ns and  the  b i n s  were f i l l ed to the  eaves . 
So l a r heat wa s a pp l i ed to the west b i n and  con ven t i on a l  ambi ent  a i r 
d ry i ng  was u s ed i n  the east b i n .  The d ry i ng opera t i on was con ducted 
from 1 600 hou rs on  November 8 ,  1 976 , to 1 200 hou rs  on Novembe r  30 , 19 7 6 . 
The fans  were 3- horsepower ( 22 38 watts ) a erati on type wi th  s i n g l e 
phase  230 vo l t motors w i th vane axi a l  b l ades , and each  d e l i v e red 2000 cfm 
( 56 . 7 M3/mi n ) . 
The  s o l a r  d ryer b i n fan was used to draw 1 00 0  cfm ( 2 8 . 3 M3/mi n )  of  
a i r th roug h  the  co l l ector p l us  another  1 000 cfm ( 28 . 3 M3/mi n )  through 
the mi x i n g  chambe r entran ce . The a i rf l ow rate i n  the co l l ecto r  was 
regu l ated by a dj u st i ng a s l i d i ng door over the mi x i n g  chamber entrance 
l ocated u ps t re am f rom the  fan , wh i l e  mon i tori n g  the a i r v e l oc i ty wi th  a 
hot wi re a nemomete r .  The entrance for the a i r was formed by t h e  co l ­
l ector cente r s u pport and the cover frami ng materi a l . The s l ot was 
1 i n ch ( 2 . 5 cm ) wi de by 24 feet ( 7 . 3  M) l ong  an d was l ocated  approx i ­
ma tel y  8 i nc hes  ( 20 . 32 cm ) above ground l eve l  on the  sou th s i de of the 
co l l ecto r ,  F i g u re 1 .  The a i r was drawn upward through  the s l ot ,  a l ong 
the south s i de of the  a bsorber surface and then downwa rd a l ong  the north 
s i de of the  a bs o rber  and  i nto the 
· p l en um , F i gure 1 .  The a i r was moved 
from the p l enum i nto the  duct work and  was mi xed w i th  1 000  cfm ( 28 . 3 M
3; 
mi n )  of amb i en t  a i r i n  the trans i ti on duct pr i or  to enter i ng  the  yan , 
Fi gu re 6 .  The a i r  was then forced i n to the b i n beneath the d ry i ng  f l oor 
and upwa rd throu gh the gra i n .  
Data were co l l ected fo r the  so l a r s u pp l emen ted d ry i n g bi n and  the 
convent i ona l amb i ent  a i r dryi ng b i n  so that the effecti v eness  of the 
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so l a r  energy- i n ten s i f i e r system cou l d be compa red to a conven ti ona l 
dry i ng  method . The  da ta co l l ected cons i s ted of  system temperatu res , 
a i r f l ow rates , corn mo i s tu re contents , e l ectri c i ty u s ag e  a n d  s o l a r  
rad i a t i on . : Temperatures  at 10 l ocati ons i n  t h e  sys tem a n d  one  l ocat i on 
at  the  i ns t rument  bu i l d i ng we re measured wi th  copper-con s ta n tan  th ermo­
cou p l es  and we re recorded by a mu l t i - poi nt , s tr i p c h a rt poten t i ometer , 
F i gure 6 .  The corn mo i s ture conten t was determi n ed u s i ng the  approved 
ASAE Standa rd , 5352 . The e l ectri ci ty u sage  was meas u red  by k i l owatt­
hou r meters . The so l a r  rad i ati on wa s measured  on the  hori zontal  s u r­
face u s i n g a n  Epp l y- pyranometer and was recorded w i th a s tr i p chart 
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1 1  - EAVE OF SHED 
Fi gu re 6 .  Thermocou p l e l oc a t i ons . 
RESULTS AND D ISCUSS ION 
The resul ts  of thi s  study i ncl ude refl ector-col l ector eval uat i on 
and the overa l l  sys tem effectivenes s  for provi di ng suppl eme n t  heat to 
dry co rn for a l ow-temperature, i n -bi n  dryi ng appli cat i on . The perfor­
mance ana l ys i s w i l l  be pres ented i n  the abo ve o rder. Temperatures and 
sol ar  rad i a t i on recorded duri ng the tes t  pe ri od a re l i s ted i n  Appen­
di x C .  
The sol ar  energy- i ntens ifi er sys tem effi ci e n cy was eval uated i n  
30 
. . 
terms of the energy actua l l y  col l ected compared to the so l a r  energy 
avail abl e on two surfaces, hori zontal  and verti c al , Fi gure 7 .  The 
effi c i en c i e s  are presented from 0800 to 1600 as compared to the ho ri ­
zontal and  1000 to 1400 as compared to the verti c a l so that the effec­
t i venes s of the refl ector concentrati on des i gned to operate from approx­
imatel y  0900 to 1500 coul d be better eva luated . It  i s  i mpo rtant to  
note that the effi c i enci es  for the vert i cal surface a re i nc l uded for 
tbe hours 1000 to  1400 bec aus e i t  i s  di ffi cul t to  ac curate l y  cal cul a te 
the energy i nc i dent on a verti cal  surface from the recorded energy on 
the hor i zon ta l  for 0800 and 1400 due to the smal l a l t i tude angl es of 
the sun . Duffi e and Beckman ( 1 1 )  concl uded that for n orthern lat i tudes 
for hours n ear sun ri se and sun s et the conversion of energy val ues 
requi ring the use of  sma l l angl es wa s not accurate and that the ava i l able 
radi at i on was sma l l and therefo re shoul d be negl ected .  Three effi ­
c i enc i e s a re presen ted, one i ndi cates the effi c i ency a t  particular t i mes 
averaged ove r  the test  peri od cons ider i ng the nomi nal surfac e  area of 
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F i g ure 7 .  Avera ge effi c i ency as  i n fl uen ced  by t i me 
of day ,  en ergy on a hori zon ta l  (H) and  vert i ca l  
(V ) s u rface a s  a datum .  
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of the col l ector (4  feet by 24 feet , 1 . 2  M by 7 . 3 M )  a s  compa red to the 
horizontal ,  the othe r two eff i c i encies are calcu l a ted from the e ffec ti ve 
col lector  area ( tota l area mi nus the area of the support s truc ture ) 
pl us  t he in s tantaneous re fl ector area ( 11 . 86 feet  by 24 feet , 3 . 6 M by 
7 . 3  M} as  compa red to the hori zontal and verti cal . Peak efficien cies 
of 61 . 6  and 88 . 5  percent a t  1400 for the hori zontal compar i sons  indicate 
a therma l l.ag effect . The vert i ca l  effic i ency peaked a t  1200 a t  39 . 5  
percent but indicated a thermal lag a l so which i s  i nd i cated by an effi ­
ci ency of 35 . 2  percent  at 1400 as  compared to 2 5 . 2  pe rcent a t  1000. · 
· The therma l lag resul ted parti all y because the collector and duct con­
tinua l ly  absorbed s ome of the solar heat  in the s tructural components 
tnat had been cool ed during the n i ght . The heat absorbed by the system 
components  was released a s  the air movi ng through the coll ector was 
warmed les s  due to a reduct i on in  solar energy ava i l ab l e in  the a fter­
noon . Thus, the a i r temperature i n  the sys tem was hi gher l ater i n  the 
afternoon, when the sol ar energy ava i l able was les s , the reby resul t ing 
in the h igher e ffi c i en c i es noted . 
Energy col lec t i on e ffi c ienci es. based on the e ffect i ve surface area 
as high a s  1 36 . 5 percent at 1400 ( compared to the hor i zontal ) and 62 . 7  
percent a t  1 200 (compared to the verti cal ) can be achi eved on a clear 
day, 1 1/ 20/ 76 ,  Fi gure 8 .  I t  i s  i mportant to note that e ffi c i encies ob­
tained when using the hori zontal s urface as  a da tum are above 100 per­
cent because the solar energy a vai lable to a hori zontal s urface duri ng 
col der months i n  northern lati tudes i s  l e ss  than the energy ava i lable to 
a vert i ca l  s urface due to the sma l l  altitude angl e of the sun . 
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T I ME OF DAY 
F i gure 8 .  Efff c i ency as i nfl uen ced by t i me on a c l ear 
day , 1 1/ 20/ 7 6 . I ns tan taneous refl ecto r , effecti ve . 
co l l ector area used as  a da tum . 
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The average  d i u rn a l  temperature fl uctu at i ons  for co l l ector i n l et ,  
co l l ecto r  ou t l et , du ct entrance , mi x i ng chamber ,  fan p l en um ,  and  amb i en t  
a i r ,  a re i l l u s trated i n  F i g u re 9 .  The co l l ector  i n l e t temperatu re i nd i ­
cated that the amb i ent  a i r wa s preheated pr i or to enteri n g  the i n l et .  
Th i s  was be l i eved  to occu r because  the i n l et was c l o s e  to the g round 
on the s ou th s i de of the co l l ector wh i ch wa s part i a l l y  s he l tered from 
the preva i l i ng northwest  wi n d  by the col l ector . Th i s a l l owed the ground  
and  co l l e ctor cen ter  su pport , wh i c h was pa i nted b l a c k , to  reta i n so l a r  
ene rgy wh i ch cau s ed an  i n crease  i n  the a i r temp e ratu re of a s  much as 
1 . 5  F ( 0 . 83 C ) , 1 200 , as  i t  was drawn i n to the i n l et .  The ambi ent  tem­
perature s hows the norma l d i u rna l  tempe ratu re l ag due to the atmos pheri c 
thennal  l ag of the s un ' s  energy warmi ng the s u rface  of the  earth . The 
p reheated effect  of t he i n l et a i r was the l a rgest  a t  1 200 wh i ch corre­
s ponds  to the pea k so l a r ene rgy avai l abl e wi th  an  i n c re as i ng effect i n  
the forenoon an d decreas i ng effect i n  the afternoon . The  mi xed a i r  
enter i ng the fan and  the a i r i n  the b i n tran s i t i on duct  are  near ly  para l ­
l e l , wh i ch i n d i ca tes  a rel at i ve ly  constan t temperatu re i n crease  caused  
by the heat from the fan motor .  Th i s d i fference ranged  from 3 . 6  to  
4 . 4 F ( 2 . 0 to 2 . 4  C )  for the  t imes  shown . The g radua l  decl i n e in  the  
temperatu res fo r the  mi xed a i r and the ai r enteri n g  the  b i n  as compared 
to the col l e ctor o u t l et  and  duct temperatures between 1 200 and  1 400 
res u l ted from the therma l l ag effects of the co l l ecto r  i n l et an d amb i en t  
a i r tempera tu re s , wh i ch were previ ous l y  d i s cu s s ed . The co l l ector outl e t  
a n d  duct entrance  temperatu res i n d i cate two facto rs . The  tempera ture 
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F i g ure 10 . Average tempera ture d i fferent i a l s as 
i n fl uenced by t ime of d ay .  
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the  p l enum ( represen ted by the d i fferen ce between the co l l e ctor out l et 
temperatu re and t he duct entrance temperature ) i n creas e d  as  co l l ector 
out l e t  tempe ratu re i ncreased .  
The  tempe rature d i fferences between t he  ambi e n t  a i r and  the a i r  
�n teri ng  the  duct , the  co l l ector i n l et and  the col l e ctor out l et  and  
atros s the fan  i n d i ca ted the therma l l ag of  the  sys tem by a h i g her  
average temperatu re a t  1 400 than at 1 000 , F i g u re 1 0 . The  magn i tude  
37 
of the amb i en t  to duct temperatu re di ffe rent i a l  wa s greater than the 
magn i tude  of the co l l ector i n l et to out l et temperatu re d i fferen t i a l  wh i ch 
wou l d  i n d i ca t e  that  the a i r was p reheated pri or to en ter i ng  the  co l l ee-
tor .  Based  on  t h e  sys tem des i gn to col l ect u s e fu l  energy f rom 0900 to 
1 500 , F i gu re s  9 and  1 0  show the l a rges t r i ses a n d  drops i n  temperatu res 
between  0800 to 1 000 and 1 400 to 1 600 , res pec t i ve ly . 
The tota l energy co l l ected per square foot fo r each t i me of  day over 
the tes t peri od and  the  so l a r  energy ava i l abl e to v ert i ca l  and  hor i zon ­
tal  s u rfaces i l l u s trated the effect of the  sma l l a l t i tude  an g l es of the 
sun by the  l a rg e  d i fference between the energy ava i l a b l e to the  hori zon ­
tal ( 1 949  Btus / h r- s q  ft , 2 . 2 1 x 1 07 J/hr-M2 , at  1 200 ) and  the  energy 
ava i l ab l e to the ve rt i ca l  ( 3974  Btu s / hr-sq  ft , 4 . 50  x 1 07 J / h r-M2 , a t  
1 200 ) , F i g u re 1 1 .  T h e  effect o f  the the nna l l a g i s  represented by a more 
rap i d  rate of dec l i n e of energy avai l abl e as compared to the  l es s . rap i d  
dec l i n e i n  energy co l l ected between 1 200 and 1 400 . 
Cumu l a t i ve  tota l s of  so l ar ene rgy avai l ab l e to the  hor i zonta l  and 
energy co l l ected a re rep resen ted i n  F i g u�e 1 2 .  Da i l y  var i at i ons  i n  
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Fi gure 1 1. Tota l  energy as  i n fl uenced by t i me of day . 
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Figure 12 . Cumula t i ve energy available and energy col lected over  the 23-day pe riod . 
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l.D 
by the  port i ons  of the l i nes w i th sma l l or  n o  s l ope . The  d eg ree  of 
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s ky overca s t  corres ponded to magn i tu de of the s l ope  and cau s ed sma l l to 
no en ergy co l l ecti on . Th i s  can be seen for days 8 to 1 0 ,  1 1  to 1 2 ,  2 1  
to 22 , 2 4  t o  26 , and  2 9  to 30 . The total  co l l e cted en ergy was 3 . 09 x 
1 06 Btus  ( 3 . 2 5 x 1 09 J )  a s  compa red to 4 .  1 5  x 1 06 Btu s  ( 4 . 2 1  x 1 09 J) 
ava i l a b l e to a hori zonta l s u rface . 
F i g u re 1 3  rep resents  the cumu l at i ve tota l  of energy p rov i d ed to 
the g ra i n , energy enteri n g  the duct from the co l l ecto r ,  energy added to 
the amb i en t  a i r at the mi x i ng  chamber ,  energy enteri n g  the fan , and  
energy added  by the fan . I t  i s  i mpo rtan t to n ot e  that  thes e tota l s  repre­
sent the da i l y  accumu l at i ons  over the test peri od  a n d  that  cool i ng of 
the amb i en t  a i r too k p l ace  i n  the col l ector sys tem at n i g ht . The  tota l  
ene rgy ava i l a b l e to  dry the  g ra i n  was 3 . 62 x 1 06 Btus  ( 3 . 8  x 1 09 J ) .  
Th e tota l energy that entered the duct was 1 . 36 x 1 06 Btus  ( 1 . 4 3 x 1 09 J ) . 
The energy added  to the 1 000 cfm ( 28 . 3 M3/mi n )  o f  amb i ent  a i r that was 
mi xed w i th  the  duct a i r wa s a tota l of  0 . 80 x 1 06 Btu s  ( 8 . 42 x 1 08 J ) .  
The overa l l effect of  mi x i n g 1 000  cfm ( 28 . 3 M3/mi n )  of duct  a i r w i th 
1 000 cfm ( 28 . 3 M3/mi n )  of amb i ent a i r p l u s  heat l os se s  i n  the duct was 
a tota l of 1 . 58 x 1 06 Btus  ( 1 . 66 x 1 09 J )  of energy en ter i n g  the fan . 
The tota l energy added by the fan wa s 2 . 02 x 1 06 B t u s  ( 2 .  1 3  x 1 09 J ) .  
Energy en teri n g  the b i n  was ca l cu l ated from add i t i on of the  energy 
enteri ng  the  fan and  the energy added by the  fan . I t  i s  i mportant to 
note that , when the duct was removed from the  col l ector  and  fan , the  
i n s u l at i on h ad s epa rated from the  p lywood i n  the  du ct and  f rom the  top 
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Figure 1 3 .  Cumul ative energy at  s elected points with in  the 
· so l ar energy- i ntensi fier drying sys tem. 
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C UMULAT I V E  E N E RGY AVA I LABL E , BTU S  X 10  
F i g u re 14 . E n e rgy c ol l ected a s  i n fl u e n c e d  by e n e rgy a v a i l a b l e  




So l a r  energy col l e cted wa s compared to s o l a r  energy ava i l ab l e on 
a hori zonta l s u rface , F i g u re 1 4 . Effi c i ency can  be determi ned by u s i n g  
the s l ope of  the  l i n e  where 1 00 percent effi c i ency wou l d  b e  represented  
by a 45 deg ree s l ope . The energy co l l ected a s  compa red to the  energy 
ava i l a b l e on a hor i zonta l s urface refl ected the fact  t hat  the  s un ' s  
a l t i tude angl e i s  sma l l duri ng Novembe r for B rook i n g s , Sou th Da kota , i n  
that the s l op e  o f  the co l l ected to hori z onta l l i n e  i s  l a rge  i n d i ca t i ng  
a h i g h e ff i c i en cy .  
The  overa l l average effi c i ency of the s o l a r  ene rgy- i nten s i f i er  
system for 0800 to 1 600 , re l at i ng col l ected energy to that ava i l a b l e 
on a hor i zonta l , wa s found to be . 74 . 9  percent , wh i ch was s omewhat  l ower 
th an o r i g i n a l l y  expected . The erro r i n  the p l aceme n t  d i s tance  of the 
co l l ector res u l ted i n  a wi der focal  band on the a bs o rb e r  wh i c h  reduced 
the focus ed i nten s i ty of so l a r  energy . Thi s reduced the poten ti a l  tem­
peratu re r i s e  on the a bsorbe r s u rface and res u l ted i n  l es s  en ergy co l ­
l ected . Some wa rp i n g of the ref l ecto r s urface was ob served , wh i ch a l so  
affected the  foc a l  ban d .  
Norma l reduct i ons  i n  effi ci en cy may b e  attr i bu ted at  l east  par-
t i a l l y to heat l os se s  from the p l enum and duct work a s  was prev i ous l y  
menti oned a n d  part i a l l y  due to heat tran sfer l os s es through  the c l ear 
pl ast i c materi a l  u s ed to cover the absorber s urfa ce .  Reemi ttance in the 
l ong wave rad i at i on  reg i on from the absorber ' s s u rface· may a l so  account . 
for some of the  l os s es . S i nce the p l as t i c ma teri a l  u s ed to cover the 
absorbe r s u rface i s  s t i l l  qu i te new ,  the actua l va l u e for the  reemi ttance 
was not ava i l ab l e . The tran smi ttance and i n su l at i n g  v a l ue of the c l �a
r 
P l ast i c u sed a s  the outer cover of the  absorber s u rface was s i mi l
a r to 
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that of g l a s s  as i n d i cated by the man ufacturer ' s  s pec i f i c a t i ons ( 64 ) . 
Howeve r ,  t h i s i nformat i on was not prov i ded fo r t h e  i nn e r ,  transparent  
p l as t i c s u rface . ASH RAE ( 2 )  s tates that the transmi ttance  of regu l ar  
s heet  g l a s s  i s  f rom 0 . 86 to  0 . 9 1 . Th us , a s s um i n g  the  tra n smi ttance of 
both p l a s t i c s u rfaces to be a pprox imate l y  0 . 88 ,  i t  i s  expected that on l y  
0 . 77 o f  t h e  i n c i dent  s o l a r  ra d i at i on avai l a bl e a ctu a l l y  reached the 
s outh  s i de of the absorber s u rface . The north  o r  con cen t rato r s i de had  
an add i t i ona l  l os s  to be  con s i dered . The ref l ect i v i ty of  the  materi a l  
u s e d  o n  t h e  i n ten s i f i e r s u rface had a n  average o f  80 t o  90  percen t ,  
accord i ng to man u factu re s pec i f i cati on s . Th u s , a s s um i ng  a refl ect i v i ty 
of 0 . 85 and  t ran smi ttance l os ses through  the two t ran s pa rent covers , the  
concentra to r s i de of  the a bsorber s u rface i s  expected to rece i ve approx i ­
mate l y  0 . 6 5  of the s o l a r  rad i at i on i nci den t upon t h e  i n ten s i f i e r s u rfa ce . 
Any dus t o r  other  con tami nat i on of the col l ecto r covers o r  abso rber s u r­
face and  warp i n g of  the  refl ecti ve su rface wou l d  tend to fu rthe r reduce  
the s e  v a l u e s . 
The effect i venes s of t he so l ar  energy- i ntens i f i e r sys tem to pro­
v i de s u p p l ement heat to  an i n - bi n dryi ng  system wa s determ i ned u s i n g 
compa ri sons wi t h  a convent i on a l  natura l  a i r ,  i n - b i n  d ryi n g  system i n  an  
a dj acen t s to ra g e  b i n .  F i g u res  1 5  and 1 6  i l l u s trate the corn mo i st u re 
content  at l eve l s 1 foot  ( 0 . 30 M )  from the top of  the g ra i n , 3 feet 
( 0 . 9 1 M )  f rom the top of the g ra i n ,  5 feet ( 1 . 52 M )  f�om the  top of the 
gra i n , and  1 foot  ( 0 . 30 M )  from the bottom of the g ra i n for days 8 ,  1 2 ,  
1 5 , 1 8 ,  2 1 , 24 , 2 7 , and  30 dur i ng  the test peri od . 
The movement  of t he dryi ng  front i n  the g ra i n was ev i denced by
 a 
ra p i d reduct i on i n  mo i s t u re con ten t fo l l owed by a rea sona l l y cons tant 
. I  
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mo i st u re con ten t .  The  movemen t of the d ry i n g  front  fo r t h e  s o l a r  s u p ­
p l emen ted b i n through  1 foot ( 0 . 30 M )  from t h e  bo ttom , 5 feet ( l . 52  M)  
from t he top , 3 feet  (0 . 9 1 M )  from the top , 1 foot  ( 0 . 30 M )  from the  top  
we re approx i ma te l y  on  days 1 2 ,  1 5 ,  2 1 , and 2 7 , res pect i v e l y , F i g u re 1 5 . 
The corre s pon d i ng  movement  of the dry i ng front  for the  conven t i ona l  
dry i n g  b i n wa s a pprox i matel y o n  days 1 2 ,  2 1 , 24 , a n d  2 7 , res pect i v e l y , 
F i g ure 1 6 . I t  i s  i mportan t to note that the mo i s tu re con ten ts a re ca l ­
cu l ated on a dry wei gh t  bas i s , d b .  I t  i s  a l s o  i mpo rtant  to note  that  
n e i ther  b i n of co rn was  comp l etely  dri ed to  t he requ i red  s af e  s torage 
l eve l for 1 year , 1 3  percen t , wet bas i s ,  B roo ke r ( 5 ) , beca u s e  tempera­
tures  we re con s i s tent ly  bel ow freez i ng , 32  F ( 0  C ) , and  f u rther  dry i ng 
was not con s i dered feas i b l e  nor neces s a ry to prevent  s po i l age  du r i ng  the  
wi n te r .  I t  wa s conc l uded tha t  t h e  sol a r  s u pp l emen ted b i n was more un i ­
formly  dri e d  as  ev i denced by the fact that the thre e  l i ne s  re present i ng 
l foot ( 0 . 30 M) f rom the bottom , 5 feet ( 1 . 52 M) from the top , and 3 feet 
( 0 . 9 1 M) from the top were wi th i n  1 4  to 1 6  percen t ,  db . Howe ve r , there 
was ev i den ce that t he corn was beg i n n i ng to be rewetted  a s  can be s een 
from the i n crease  i n  mo i s t u re con ten t for the l eve l  1 foot  ( 0 . 30 M )  
. above t h e  bottom for days 2 7  and 30 , F i g u re 1 5 . T h e  correspond i n g l ower 
three l eve l s i n  the conven t i ona l  b i n were wi t h i n  1 7  to 1 9  percen t , db , 
an d had  not  reached a stab i l i zed  mo i s tu re con ten t at  the  end  of the  tes t  
peri od , F i gu re 1 6 . Rewett i ng  of the l evel s ,  1 foot ( 6 . 30 M )  from the 
bottom and  5 feet from the top in  the  conven t i on a l  b i n ,  occu rred from 
days 24 to 3 0 . 
F i g ure 1 7  i l l u s tra tes the average mo i s tu re con ten t s  of  the  corn i n  
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B - 3 FT ( 0 . 9 1  M) FROM  TOP 
C - 5 FT ( 1 . 52 M )  FROM TOP 
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Fi g u re 1 5 . Corn mo i s ture con tent  at  va r i o u s  depth s  a s  























A - 1 FT ( 0 . 30 M )  F ROM TOP 
B - 3 FT ( 0 . 9 1 M )  F ROM TOP 
C - 5 FT ( 1 .  52  M) FROM TOP 
D - 1 FT ( 0 . 30 M ) FROM BOTTOM 
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F i g u re 16 . Co rn mo i s t u re content a t  var i o u s  depth s as  
i n f l uen ced by d ryi n g  t i me ,  for  conven t i on a l  d_ry i n g b i n .  
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corres pon d i n g  d ry i ng  fans  on the b i ns . The a ve rage  mo i s tu re conten ts 
were based  on the mo i s tu re contents for the fou r meas u rement  depth s . 
The average mo i s tu re content l i nes  s how an  erra t i c dec l i n e , mo re so for 
the so l a r  s u p p l emented b i n than the con vent i ona l  b i n .  A part i a l  exp l ana­
t i on cou l d  be that  the  mo i sture content at a p art i c u l a r  meas u rement  
l evel  i n  the  s o l a r  supp l emented b i n had  a re l at i v e l y  a b rupt  i nc rea se 
and  then a s udden decrease  as  the dry i n g front mov ed past the l evel s ,  
3 feet ( 0 . 9 1 M )  from the top and 1 foot ( 0 . 30 M )  from the top , F i gure 
1 5 . These  pea ks i n  mo i s ture content on days 1 8  and  2 4  co i nc i d e  w i th  
the upper  pea ks i n  the average moi s tu re content l i n e , F i g u re 1 7 . The 
s ame effect i s  a p pa ren t fo r day 24 wi th the conven t i ona l b i n whe re the 
mo i stu re con ten t at  the l evel  3 feet ( 0 . 9 1 M) from the  top  decl i n ed 
a b ru pt ly , F i g u re 1 6 ,  a nd a correspond i ng d i p i n  the a verage mo i s t u re 
con ten t l i n e  occu rred , F i gure 1 7 .  
A l i ne a r  reg res s i on ana l ys i s to f i nd  the  s l opes  for  the average  
mo i s tu re con tent l i ne s  was u s ed to  dete rmi ne average d ry i ng  rates . 
Y s = 34 . 28 - 0 . 65X1 
Y = Mo i sture content i ri  so l ar  supp l emented b i n ,  percent s 
x 1 = Days 
The coeffi c i ent  of determi nat i on was 84 . 6  percent w i th  a standard error 
of 5 . 1 0 .  
ye = 29 . 59 - 0 . 3 5X1 
Y = Mo i s tu re content i n  conventi ona l  b i n ,  percen t c 
x
1 
= Days  
The coeffi c i en t of determi nati on was 92 . 3  percen t wi th a standa
rd error 
of 0 . 68 . The s l ope of t he sol a r  s uppl emented b i n  wa s determ
i ned to be 
I 
18 r- 64 . 8 1 A - SOLAR B I N  FAN ENERGY 
B - CONVENT I ONAL B I N FAN ENE RGY 
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-0 . 65 percen t ,  d b , per day and  the convent i ona l b i n  wa s determi ned to 
be - 0 . 3 5  percen t , d b , per day .  Th us , i t  wa s con c l uded that  the corn wi th 
so l a r  s u p p l emen ted heat dr i ed approx i mate ly  twi c e  as fa st  as  d i d  the  
co rn dr i ed w i th  natu ra l a i r .  
The cumu l at i v e  e l ectri cal  energy usage  l i n e s , F i g u re 1 7 ,  s how a 
n ea r l y  para l l e l trend . I t  i s  i mportant to note that  a mo tor fa i l u re 
for the fan  u s e d  on the conventi ona l  dryi ng b i n  occurred on the  f i f­
teenth of  Novembe r and a correspond i ng l ag i n  the cumu l ati v e  energy l i ne 
occurred . I t  was con c l uded that , because of the  para l l e l pattern of 
the e l ectr i ca l  usage l i nes , the  col l ector sys tem requ i red l i tt l e or  no  
add i t i on a l  e l ectr i ca l  energy to  operate the  fan . T he refore , the tota l 
fan ene rgy consumpt i on to comp l etely  dry the co rn for the  s o l ar  s u ppl e­
mented b i n and  for  the  conventi ona l  b i n wou l d  be  d i rect l y p roport i ona l  
to the res pecti v e  dryi ng rates wh i ch wou l d i nd i cate tha t  appro x i matel y 
twi ce as  muc h  e l ectri ca l ene rgy wou l d be u sed  by the  fan  for con ven ­
t i ona l , amb i ent  a i r  dry i ng as  wou l d  be used by the  fan for the  s o l a r  
s u pp l emen ted b i n .  The fi na l  e l ectri ca l usages for the  s o l a r  s u pp l e­
mented b i n and  the  conventi ona l  b i n  fans  were 1 93 6 . 5 k i l owatt - hou rs 
and 186 9 . 5 k i l owa tt- ho urs , res pect i vel y .  
The re l at i on s h i p  of the col l ector effi c i ency compa red t o  i nc i dent  
rad i at i on  on  a v e rt i ca l  su rface was compared to  the  co l l ector temperature 
d i ffe rent i a l  ( from out l et to amb i ent ) di v i ded by the so l a r rad i at i on 
ava i l ab l e to the  verti ca l s urface , F i gure 1 8 . A s i gn i f i cant  re l at i on -
s h i p  was dev e l oped 
y = 1 .  1 4  + 0 . 0709X1 
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F i g u re 18 .  E ff i c i e n cy i n fl uenced b y  a ve ra g e  c o l l e c t o r  t empe ra t u r e  
d i f f e re n t i a l  d i v i de d  b y  s o l a r  rad i a t i on o n  a v e r t
i c a l  s u r fa c e . 







ti = co l l ector in l et temperature, decrees c 
te = col l ector outl et temperature , degrees c 
ta = temperature of ambient  a i r, degrees  C 
I = so l ar  radi ati on ava i l abl e to a vert i ca l  surface , Langl eys 
per s econd 
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to predict col l ector effici ency. The independent var i abl e accounted for 
98 . 5  percent of the vari abi l i ty i n  co l l ector effi c i ency wi th a standard 
error of 2 . 09 .  Th i s  anal ysis indi cated that so l a r  co l l ecti on eff i c i ency 
was d i rectl y and l i nearl y re l ated to temperature different i a l  divi ded 
by so l a r  rad i a tion. The ana l ys i s was conducted according to a Nat i onal 
Bureau of Standards interi m  report on rati ng so l ar  co l l ectors by H i l l  
and Kusuda ( 22 ) . I t  i s  norma l l y  expected that rel ati ons h i ps of th i s 
type wou l d exh i bi t a negat ive s l ope. Th i s  was not evident  i n  th i s  study , 
Fi gure 18, and can be at  l east  pa rti a l l y  attributed to the fo l l owi ng 
fac to rs : 
1. The da ta range for temperature di fferent i a l  d i vi ded by so l ar  
radiat i on in  t his research  was bel ow the data range for the 
work reported by Hi l l  and Kusuda ( 22 ) .  The h i ghes t  va l ue for 
this research was  0 . 02 1  degrees C-square meters pe r watt wh i ch 
was l ower than the l owes t va l ues gi ven i n  the graphs in the 
report . 
2 . The temperature diJferent i a l w.as not s.uffi.ci.ent
l y l arge in 
th i s research to have caused a decrease
 in effic i ency. If . 
l a rger  temperature di fferenti a l s  had b
een obta i ned wi th th i s  
5 3  
sys tem , i t  i s  exp ected that a decrease  i n  effi c i ency wou l d ha ve 
occ u rred and  a 1 1 h i  gher-ord er1 1  r_egres s i on equa t i on wo ul d have 
been n eces s a ry to desc ri be the sys tem ' s  behavi or ,  H i l l  and 
Kus uda ( 22 ) . 
The a bove  ci ted report a l so  based the g raphs on  i nstan ta neou s , 1 5 mi n ute , 
stab i l i zed data read i ngs whereas the data i n  th i s  resea rch rep resented 
actual  fi e l d  cond i t i on s  w i t h  norma l c l i ma t i c  va ri a t i on s . 
The fo l l owi n g  s i gn i f i cant i l i near and d i rect rel at i o n s h i p ,  F i gure 
19, wa s deve l oped between so l ar energy col l ected and  so l a r  energy ava i l ­
ab l e  on a ho r i zonta l  s u rface : 
Y = - 5 . 72 + 0 . 9 1X1 
Y = Energy co l l ected , Btu/ hr-ft2 ( 1 . 1 3 x 104 J / h r-M2 ) 
x1 = So l a r energy ava i l abl e to a hori zontal  s urface , 
Btu/ hr- ft2 ( 1 . 1 3 x 104 J/ hr-M2 ) 
The sol a r  energy ava i l abl e acco unted for 87 . 9  percent  of the var i a ti on 
i n  energy col l ected w i t h  a standard error of est i mate o f  12 . 9 . Thus , 
ba-sed on the s o l ar  i nso l ati on norma l l y  avai l abl e to a hor i zonta l  s ur­
face at 1200  on November 21 at Brooki n gs , South Dakota of  2 72 Btu/ hr-ft2 
( 3 . 08 x 1 06 J / h r- M2 ) ,  i t  i s  pred i cted that  24 1 . 8 Btu/h r- ft
2 ( 2 . 74 x 106 
J/ h r-M2 ) o f  energy wi l l  be col l ected whi c h  i s  approxi mate l y  equa l  to 
on e ga l l on of propane per hour for th i s  s i ze sys tem . 
A s i gn i f i cant rel at i ons h i p was devel oped to pred i ct ene rgy col ­
l ected us i ng so l a r  energy ava i l ab l e on a hori zonta l s urface and abso l ute 
y = -38 . 3  + 0 . 78X1 + 0 . 06Xz 
y = Energy co l l ected , Btu/ h r- ft
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Fi gure 19 . E n e rgy c o l l ec ted a s  i n f l uenced by s o l a r  energy 
ava i l a b l e on  a hor i zon ta l  s u rfa ce . 
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• 
X1 = Sol ar  energy ava i l abl e to a hori zonta l surfa ce , 
Btu/hr-ft
2 
(1 . 13 J/hr-M
2) 
x2 = Abs o l ute co llector outl et temperature, degrees  
R4  ( degrees  K4 ) 
5 5  
co llector outl et temperature to the fourth power . However, the addi t ion 
of abs o l ute co l l ector  out l et temperature to the fourth power a s  an i nde­
pendent vari abl e accounted for onl y 1 . 6  percent of  the var i abi l i ty i n  
energy co l l ected . The smal l i ncrease  i n  prec i s i on and the add i tiona l 
complex i ty of  us i ng abso l ute temperature to the fourth powe r for thi s  
variabl e coul d not be justi fi ed for most engi neer i ng app l i cati ons. 
II 
56  
CONCLUS I ONS 
The  fo l l owi n g  con c l u s i ons were reached as  a res u l t  of th i s  study : 
1 .  The s o l a r  energy- i ntens i fi er sys tem co l l ected 74 . 9  percent of the  
energy ava i l ab l e o n  a hori zontal  su rface du r i n g  a 23- day peri od  
f rom Novembe r 8 to November 30  in  Sou th Dakota . A tota l of 3 . 09 x 
1 06 Btus  ( 3 . 2 5 x 1 09 J )  of  so l a r ene rgy was c o l l e cted ( 906 kw- h r  o r  
34 ga l l on s  o f  propan e , equ i va l ent ) duri n g  t he  tes t per i od .  
2 .  The s o l a r  ene rgy- i ntens i f i er system col l ected s uff i c i e n t  en e rgy to 
near ly  dou b l e the dryi n g  rate as  compa red to  a conven t i ona l , amb i en t 
a i r dry i n g  system . 
3 .  The therma l effi c i ency o f  t he so l a r ene rgy- i ntens i f i er ,  the rat i o o f  
the  energy co l l ected t o  t h e  energy avai l a b l e on a hor i zonta l  su r­
face , o n  a c l ear day ranged from 1 05 . 3  percen t at  1 000  to 1 36 . 5  per­
cent at  1 400  u t i l i z i n g  the i n stantaneous refl ecto r a rea and e ffecti ve  
co l l ector a rea . Effi ci enci es were l ower ,  73 . 2  a n d  94 . 9  percen t 
res pect i ve l y ,  when the total  refl ector a rea a n d  ent i re south s i de 
of the  co l l ector were u sed as  the datum . 
4 .  Effi c i ency based  o n  energy ava i l ab l e to a vert i ca l s u rface , o f  the  
s o l ar energy- i nten s i f i er is  s i gn i f i cantl y ,  l i n ea rl y , and  d i rectly 
re l ated to the ave rage col l ector temp eratu re d i ffe ren ti a l  d i v i ded by 
the  i n c i dent s o l a r  rad i ati on . 
5 .  A s i gn i f i can t ,  l i near  and d i rect rel at i ons h i p based  on  s o l a r  energy · 
av a i l a b l e on  a hor i zontal  s u rface was deve l oped that  exp l a i ned  
87 . 9  percen t of  the vari ati on in  energy col l ected . 
.. 
SUMMARY 
Ag ri cu l tura l  crop d ry i ng  prov i des n ume rous  a pp l i cat i ons  whe re l ow 
to moderate so l a r  p roduced temperatu re ri ses  can prov i de a l a rge  per­
centage of the g ra i n  d ryi n g  requ i rements . F i e l d data a n d  performance 
i n forma t i on  on s o l a r  ene rgy- i nten s i f i er sys tems for  u s e  i n  a g r i c u l ture 
i n  n ume rous c l i mat i c reg i ons  are l i mi ted . Therefore , a study was con ­
du cted to des i gn and eva l uate a s ol ar ene rgy- i n tens i fi e r  sys tem for 
g ra i n dryi n g . 
5 7  
Tempe ratu res wi th i n  t h e  col l ector system were mon i to red so  that an 
eva l uat i on of the ene rgy col l ect i on capabi l i ty of the sys tem and  i ts 
ab i l i ty to prov i de s upp l emental  heat fo r dryi n g  s he l l ed co rn cou l d  be  
determi ned and  compa red to  a conventi onal , amb i en t  a i r d ry i ng  sys tem . 
The ana l yses  of the  data i nd i cated that the so l ar  energy- i n tens i f i er 
sys tem col l ected suffi c i ent  so l ar  energy , 3 . 09 x 1 06 Btu s ( 3 . 25 x 1 09 J ) , 
to near ly  dou b l e the dry i ng  rate of the she l l ed corn as  compa red to the 
con vent i on a l  sys tem over a 23-day per i od i n  Novembe r u n de r  actu a l  c l i -
mati c cond i t i on s  i n  South Dakota . 
The  the rma l eff i c i en cy of the sol ar  en ergy- i n tens i f i e r system on a 
c l ear  day based on the i nstan taneous ref l ector  and effect i ve  co l l ector 
a rea as  compared  to the ene rgy avai l a b l e to a hori zonta l  s u rface ranged 
from 1 05 . 3 percen t a t  1 000 to 1 36 . 5 percent at 1 400 . The  average sys tem 
effi c i ency over  the test peri od based on the energy a v a i l a b l e to the hori ­
zontal  surface  was 74 . 9 percent . Stati st i ca l  ana lyses  were u t i l i zed to 
eva l uate co l l ector effi c i ency based on the average col l ector temperatu re 
d i fferen t i a l  d i v i ded by the i nc i dent so l ar  rad i ati on , and  to pred i ct 
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Tab l e A- 1 .  An a lys i s  of Vari ance Effi c i enc i es  to a Vert i cal S urface 
Source 
Due to  Temperature 
Di ffe rence/ So l a r  
En ergy Ava i l  a b  1 e 
E rror 





** S i gn i fi c ant  at t he 0 . 5% l eve l 
SS 
19865 . 9  
47628 . 9  
67494 . 8  
MS 
1 9856 . 9  
445 . 1  
Tab l e  A- 2 .  Ana l ys i s  o f  Vari ance fo r Energy Co l l ected 
Source 





2 1 7  
2 18 
** S i gn i fi cant  at the 0 . 5% l eve l 
SS  
26 10 1 1 . l 
35 991 . 4  
297002 . 5  
MS 
2 6 1 01 1 . 1  
165 . 9  
Tab l e A- 3 .  Anal ys i s o f  Var i ance for Ene rgy Co l l ected 
Source 
Due to Energy Ava i l ab l e 
Due to Abs o l ute 
Col l ecto r  Tempe ratu re 
to Fo urth Powe r 
Erro r  
Tota l  





** S i gn i f icant  at  the 0 . 5% l eve l 
SS  
2610 1 1 . l 
4892 . 2 
3 1099 . 3 
297002 . 5  
MS  
2 6 10 1 1 . 1  
4892 . 2  
143 . 98 
F 
44 . 6** 
F 
1 57 3 . 7** 
F 
18 12 . 9** 
33 . 98** 
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Tabl e A-4 . Ana ly�is of Varian ce for Effici ency 
Ba&ed on a Vertical S urface 
Source OF SS MS F 
D ue to ti + te  
- ta  2 
Iv 1 18096 . 2  18092 . 6 4 15 7 . 7 ** 
Error 63  274 . 2 4 . 35 
Tota l  64 18370 . 4  
** Significant at the 0 . 5% l evel 
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Tab l e B - 1 .  Cos ts for Refl ector Mater i a l s 
Quan t i ty Des cri p t i on Un i t  Cos t Tota l  Co s t  
26  4 I x 8 I x 1/  4 I I  ( 1 .  22 M x 2 .  44 M 5 . 79 1 50 . 54 
x 0 . 64 cm) 
6 1 2 1 x 6 1 1 x 6 1 1 ( 3 . 66 M x 15 . 24 cm 12 . 15  72 . 92  
x 1 5 . 24 cm } 
1 12 ' x 3 1 1 x 3/ 1 6 11 ( 3 . 66 M x 7 . 62 cm . 30 5 . 40 
x 4 . 76 mm ) Channel I ron 
4 ga l Latex Pa int  - W h i te 4 . 48 1 7 . 92 
( 15 . 1 L )  
5 qts Waterproof G l ue 5 . 00 2 5 . 00 
(4 . 73 L ) 
366 1/  4" x 1" ( O. 64 cm x 2 . 54 cm ) . 1 0  36 . 60 
Carri.age  Bo 1 ts 
2 Ro l l s  24 11 x 50  yard ( 0 . 61 M x 45 . 7 3 M }  160 . 20 320 . 40 
Re fl ecti ve Surface 
9 12 ' x 1/ 4 "  x 2 1 1 ( 3 . 6 6 M x 0 . 64 cm . 22 40 . 7 6 
x 5 . 08 cm } Fl at Strap I ron 
12 12 I X 1 1/ 2 I I  X 1 1/ 2 I I  X 1/ 4 
( 3 . 66 M x 3 . 81 cm x 3 . 81 cm x 
. 2 1 6 9 . 09  
0 . 64 cm ) An g l e I ron 
12 20 1 x 5/8 1 1 D i ameter ( 6 . 10 M x . 2 2 55 . 63 
1 .  59  cm ) Rod 
6 12 ' x 3/ 4 1 1 Di ameter ( 3 . 66 M x 
. 19 2 0 . 68 
1 .  9 1  cm) Rod 8 14 . 94 
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Tabl e B -2 . Costs for Co l l ector Materi a l s 
Quant i ty Des cri pt i on 
2 l bs #6d (0 . 29 cm) Na i l s  
(0 . 91 kg) 
3 l bs #lOd ( 0 . 38 cm ) Nai l s  
( 1 .  36 kg ) 
288 #8 x 1 1/ 2 "  ( 3 . 26 mm x 3 . 81 cm ) 
S heet Metal  S crews 
14 Tubes  of Adhes i ve 
5 4 I x 8 I x l 11 ( 1 .  22  M x 2 .  44 M 
x 2 . 54 cm) Urethane I ns u l at i on 
5 4 I x 8 I x 1/ 2 1 1 ( 1 . 22  M x 2 ·. 44 M 
x 1 . 27 cm } P l ywood 
16 l" x 4 1 1 x 8 '  ( 2 . 54 cm x 10 . 16 cm 
x 2 . 44 M )  Boa rds 
3 2 1 1 x 2 1 1 x 1 2 ' ( 5 . 08 cm x 5 . 08 cm 
x 3 . 66 M)  Di mens i on 
2 2 1 1 x 4 11 x 1 O ' ( 5 .  08 cm x 10 . 1 6 cm 
x 3 . 05 M ) D i men s i on 
2 2 1 1 x 8 1 1 x 12 ' ( 5 .  08 cm x 20 . 32 cm 
x 3 . 66 M) P l anks  
6 26 1 1 x 8 '  ( 0 . 66 M x 2 . 44 M ) , 
29  Guage (0 . 34 mm ) , Corruga ted 
S heet Stee l 
1 92  ft2 Po lyester F i l m  
( 17 . 85 M2 ) 
192 ft2 Weather Res i stan t Po l yester F i l m  
( 17 . 85 M2 ) 
Un i t  Cost Total  Cos t  
. 45 . 90 
. 50  1 .  50  
. 03 1 0 . 02 
1 . 69 2 3 . 66 
4 . 48 22 . 40 
1 6 . 1 6  80 . 80 
2 . 00 32 . 00 
1 . 80 5 . 40 
2 . 20 4 . 40 
5 . 60 1 1 . 20 
5 . 31 31 . 86 
. 04 7 .  68 
. 3 5  67 . 2 0  
299 . 02 
-
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Tabl e B- 3 .  Cos ts for Duct Mater i a l s  
Quan t i ty Descri p t i on Un i t  Cost Total  Cos t  
2 l bs #6d ( 0 . 29  cm) Na i l s  . 4 5 . 90 
( 0 . 9 1  kg ) 
1 1 b #lOd (0 . 38 cm) Na i l s  . 50 . 50 
(0 . 45 kg ) 
14 Tubes of Adhes i ve 1 . 69 2 3 . 66 
1 rol l Duct Tape 6 . 29 6 . 29 
8 4 I x 8 I x l 11 (_l .  22 M x 2 .  44 M x 4 . 48 35 . 84 
2 . 54 cm) Urethane I nsul ation 
8 4 '  x 8 1  x 1/ 2 11 ( 1 . 22 M x 2 . 44 M 1 6 . 16  129 . 28 
x 1 . 27 cm) P lywood 
10 ft2 Ga l van ized Sheet Steel , 26  Gauge . 38 3 . 80 
( 0 . 93 M)  (0 . 45 mm) 
200 . 2 7 
. .  
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I N C I DENT S O LA R  RAD I AT I O N  
AN D T EMP E RATURE  DATA 
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Ta bl e C- 1 .  I nc i dent so l a r r� d 1 a t i on on a ho ri zonta l s u rface and temperature data , n umbers 1 nd 1 c a te mon i tori ng l oc a t i on s , F i g ure 6 .  
P Y R A N OME T E R  R E A D I N G S , C A L / S O- C � - M I N , � � D  T E M P E R A T UR E S ,  F ,  R E C O R D E D  A T  P O I N T NU � B E R 
D A T E  HOUR  P Y R A NO"'E H R  l 2 3 It 5 6 1 a 9 L O 1 1 
l l 0 c.! 7 b 1 6 0 0  0 . 2 4 5 A . O  5 0 . 0  6 5 . 0 6 5 . S 7 0 . 0  6 4 . 5  6 5 . 0 6 0 . 5  6 0 . 5 6 3 .  0 5 8 . 0 
1 1 0 8 7 6 1 8 C O  o . o  4 5 . 5  4 5 . 5  4 5 . 5  4 5 . 5  4 5 . 5  4 5 . 5 't 5 . 0 4 5 . 0  4 5 . 0 4 A . 5  4 7 . 0  
l l 0 B 7 6  2 l 0 0  o . o B . O  :r n . o  J S  . o  1 8  . o  3 8 .  0 3 8 . 0 3 8 . 0 1 8 . 0 3 8 . 0  4 2 . 0  3 9 . 5 
1 1 0 9 7 6  0 o . o H . 5  H . 5  3 1 . 5  n . 5  3 1 . 5  3 L . O  3 1 . 0  3 1 . 5 3 1 .  5 3 5 . 5 3 2 .  5 
1 1 0 '> 7 6  � m o  o . o  2 5 . 5  2 5 . 5  2 5 . 5  2 5 . 5  2 5 . 5  2 5 . 'i 2 6 . 0  2 6 . 0 2 6 . 0  3 0 . 5  2 1 . 5  
1 1 0 "1 7 6  6 0 0  o . o H . O  3 1 . 0  3 1 . 0  H . O  H . O  3 3 . 0 3 3 . 0 3 3 . 0  3 3 . 0  3 7 . 0 3 3 .  5 
1 1 0 1 7 6 R C O  0 . 0 1  3 1 . 5  3 4 . 0 3 5 . 5  3 5 . 5  3 6 . 5  3 5 . 0  3 5 . 0 1 5 . 0 3 5 . 0  3 9 . 0 n .  o 
1 1 0 <} 7 6 1 0 0 0 0 . 4 3  4 5 . 5  4 5 . 5 1 0 . 0 6 7 . 5 1 2 . 0  6 2 . 5 6 4 . 5 6 1 . 0  5 9 . 0 6 3 . 0  4 3 . 0  
1 t 0 1 7 <.i  1 2 0 0 0 . 5 8 4 9 . 5  4 9 . 0  7 5 . 0  7 '5  . o  8 3 . 5 1 0 . 0 6 9 . 5  6 5 . 5 6 4 . 0  6 8 . 0 4 5 . 0  
\ 1 0 "1 7 6 \ 4 00 0 . 1 4 4 4 . 0  4 4 . 0 4 8 . 5  4 b . 5  4 <) . 'l  4 7 .  0 4 7 . 0 4 7 .  0 4 7 . 0  5 4 . 0  4 3 . 0 
1 1 0 <) 7 6  1 6 0 0  0 . 1 6  4 1 . 0  4 1 . 0 4 4 . 0 4 5 . 5  4 9 . 0 4 4 . 5 4 4 . 0  4 3 . 5  4 3 . 5  4 8 . 0 4 1 . 0 
1 1 0 9 7 6 1 8 0 0  o . o 1 5 .  0 3 5 . 0  3 5 . 0  3 5 . 0  3 5 . 0  3 5 . 0  3 5 . 0  3 5 . 0 3 5 . 0 3 9 . 0 3 5 . 5  
1 1 0 9 1 6  2 1 0 0 o . o  n . o  3 1 . 0  3 3  . o  3 3 . 0 3 3 . 0 3 3 . 0  H . O  3 3 . 0  3 3 . 0  3 7 . 0  3 3 . 5  
1 1 1 0 7 6 0 o . o  2 !1 . 5 2 8 . '5 2 0 . 5 2 8 . 5 2 8 . 5  2 8 . 5  2 8 . 5 2 8 . 5 2 8 . 5  3 3 . 0  2 9 . 0 
l l l 0 7 6 3 0 0  o . o  2 b . O  2 6 . 0 2 6 . 0  2 6 . 0  2 6 . 0 2 6. 0 2 6 . 0 2 6 . 0 216 .  0 3 0 . 5  2 7 . 0 
1 1 1 0 7 6 6 0 0  o. o 2 b . O  2 6 . 0 2 6 . 0  2 6 . 0  2 6 . 0  2 6 . 0 2 6 .  0 2 6 . 0 2 6 . 0  3 0 . 5 2 6 . 5  
l l l 0 1 & A O O  0 . 0 4  n . o  2 6 . 0  2 � . '>  2 6 . 'l  2 6 . 5  7 .6 . 5 2 6 . S  2 6 . 5 2 6 . 5 3 0 . 5 2 6 . 5  
l l l O H.  1 0 0 0  o . n  2 � . o  2 9 . 0  3 1 . 0  H . O  3 2 . 0 3 1 .  0 3 1 .  0 3 0 . 5 3 0 . 5 3 4 . 0  2 9 . 0 
1 1 1 0 7 6 1 2 0 0 0 . 1 1  2 9 . 5  2 9 . 5  . H . 5  J L . O  3 2  . o  3 1 . 5  3 1 . 0 .3 0 .  5 3 0 . 5  3 4 . 0  2 8 . 5 
1 1 1 0 7 6 1 4 0 0  0 . 1 1  2 7 . 5  2 7 .  '} 2 R . 5 2 R . 5 2 9 . 0  2 9 . 0  2 9 . 0 2 8 . 5 2 8 . 5  3 2 . 5  2 7 . 5 
1 1 1 0 1 6 1 6 0 0 0 . 0 6 2 5 . 5  ?. 5 . 5  2 b . O  2 6 . 0  2 6 . 0 2 6 . 5 2 6 . 5 2 6 . 5 2 6 . 0 3 0 . 0  2 5 . 5 
1 1 1 0 7 6  1 8 0 0  o . o 1 8 . 5  l R . 5  l A . 5 1 A . 5  1 8 . 5  l R . 5 1 8 . 5  1 8 . 5  1 8 . 5  2 2 .  5 1 9 . 5 
l l t n 1 0 2 l 0 0 o. o 1 4 . 5 1 4 . 5 1 4 . 5  1 4 . 5 1 4 . 5 1 4 . 5 1 4 . 5 1 4 . 5 1 4 . 5 1 9 . 0  1 5 . 0  
l l l t r h 0 o . o 1 2 . 0  1 2 . 0 1 2 . 0 1 2 . 0 1 2 . 0  1 2 . 0 1 2 . 0 1 2 . 5  1 2 . 5 1 6 . 5 1 2 . 5  
1 1 1 1  H.. 3 0 0  o . o B . 5  fl .  5 8 . 5  R . 5  8 . 5  A . 5  8 . 5 9 . 0  9 . 0 1 3 . 0  8 . 5  
1 1 1 1  7 6  6 0 0  o . o 4 . 0  4 . 0  4 . 0  4 . 0  4 . 0 4 . 0 4 . 0  4 . 5  4 . 5  8 . 5  4 . 0  
1 1 l 1 , (, 8 0 0  0 . 1 3  6 . 0  6 . 0  <l . O  7 . 5  <l . O  e . o  s . o a . o a . o  1 2 . 0 s . o  
1 1 1 1 7 6 1 0 0 0  0 . 46 1 8 . 0 1 1 . 5 4 1 . 5 3 2 . o  4 3 . 5 3 2 . 0  3 3 . 0  3 0 . 5  2 8 . 5  '3 3 .  5 1 3 . 0 
l l  l l 1 6 1 2 0 0 0 . 5 8  2 4 . 5  2 4 . 5 5 4 . 0  4 7 . 0  6 1 . 0 4 5 . 5 4 6 . 0  4 3 . 0 4 1 .  0 4 6 . 0  2 0 . 0  
l l l l 7 b 1 4 0 0  0 . 4 7  2 7 .  5 2 8 . 5  5 3 . 5  4 7 . 0 6 0 . 5 4 5 . 5 4 6 . 0 4 4 . 0  4 2 . 0  4 6 . 5  2 3 .  5 
1 1 1 1 7 6 1 6 0 0  0 . 1 6  2 3 . 5  2 1 . 5  2 � . o  2 A . O  '3 2 .  5 2 7 . 5 2 1 .  0 2 1 . 0 2 6 . 5 3 0 . 5  2 2 .  5 
1 1 1 1 7 & l R OU o. o 1 1 .  5 1 3 . 5  n . 5  1 3 . 5  n .  5 n .  5 1 3 . 5 1 3 . 5 1 3 . 5 u .  5 1 4 . 0  
1 1 1 1 7 6 2 1 0 0  o . o 5 . 0  5 . 0  5 . 0  4 .  5 4 . 5 4 . 5 5 . 0 5 . 5  5 . 5  1 0 . 5 6 . 0 
1 1 1 2 7 6 0 o. o 5 . 5  5 . 5  5 . 5  5 . 5  5 . 5 5 . 5  5 . 5 6 . 0 6 . 0  1 0 . 5 6 . 0  
l l 1 2 7 b  3 0 0 o . o  1 0 . 0  1 0 . 0  1 0 . 0 1 0 . 0  1 1 . 0 1 0 . 5 1 0 . 0  1 0 . 0  1 0 . 0  1 4 . 5  9 . 5  
' 1 1 1 2 7 6 6 0 0  o . o  1 3 . 5 l J . '>  1 3 . 5  1 3 . 5  1 4 . 5 1 4 . 0 1 4 . 0  1 4 . 0 1 4 . 0 1 8 . 5  1 3 .  5 
1 1 1 2 1 6 8 0 0  0 . 0 2  1 4 . 5  1 4 . 5  1 5 .  0 1 5 . 0 1 5 . 5 1 5 . 5 1 5 . o 1 5 . 0 1 5 . 0  1 9 . 5 1 5 . 0  
1 1 1 2 7 6  1 0 0 0 o. 1 1 1 6 . 5  \ 6 . 5  1 7 . 5  1 7 . 5 1 8 . 0 l � . o  L B . 0 1 8 . 0  1 7 . 5 2 1 . 5  1 1 .  0 
1 1 1 2 76 1 2 0 0  o .  l It 1 8 . 0 l A . O  1 1) .  5 1 9 . 5  1 9 . 5  1 9 . 5  2 0 . 0 2 0 . 0 2 0 . 0 2 3 . 5  1 8 . 5 
l l l  2 7 6  1 '1 0 0 O . O R  1 8 . 5  l <l . O  2 0 . 0 2 0 . 0  2 0 . 0  2 0 . 0 2 0 . 0 2 0 . 0  2 0 . 0 2 4 . 0 1 9 . 5 
1 1 1 2 1 (, 1 6 0 0  O . O l  2 0 . 0  2 0 . 0  2 0 . 0  2 0 . 0 2 0 . 5 2 0 . 5 2 0 . s 2 0 . 5 2 0 . 5 2 5 . 0  2 0 . s  
1 1 1 2  7 (, l A O O  o . o 2 0 . 0 2 0 . 0  2 0 . 0  2 0 . 0 2 1 . 0 2 1 . 0 2 0 . 5  2 0 . 5 2 0 . 5  2 5 . 0  2 0 . 5  
1 1 1 2 7 6 2 L O O o . o 1 9 . 5  l 'l .  'l l 'l .  5 1 9 . S  2 0 . 5  2 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0  2 4 . 0  2 0 . 5 




Ta b l e  C- 1 .  Conti nued 
P Y R A � CM f: T E R  R E h D I N G S , C A L / S Q- C M - M I N ,  A � D  T E M � E R h T U� E S .  F ,  R E C O R D E O  A T  P O I N T N U M B E R  
D .\ T E  HOUR  P Y R A N O'E T E  R \ 2 3 4 5 6 1 8 9 1 0  1 1  
\ l  l ' 7 6 J O O  o . o  1 5 . 5  l 'l .  5 1 5 . 'i  l 'i .  5 \ 6 . 5  1 6 . 5 1 6 . 0 1 6 . 0  1 6 . 0 2 0 . 5  1 6 . 0 
1 1  l H 6  6 0 0 o . o f> .  0 b .  0 6 . 0 6 . 0 7 . 5  1 . 0  6 . 5  7 . 0 1 . 0  1 1 . 0  7 .  5 
l I l H 6  8 0 0  0 . 1 6  1 . 0  8 . 0  9 . 5  CJ . 5  q . o 9 . 0 9 . 5 9 . 5 9 . 0  1 3 . 5  7 . 0 
1 1 1 3 7 6 1 0 0 0  0 . 4 9 2 3 . 5  2 4 . 0  49 . 0 5 0 . 5 2 0 . s 4 0 . 0 s o . s  3 8 . S 3 6 . 0 4 1 . 0 2 0 . 5  
l l  l H 6  1 2 0 0 o .  'l 7 3 7.  . o  3 1 . 5  b R . O  7 0 . 0  4 J . O  5 7 . 5 1 1 .  0 5 3 . 5 s o . o  5 6 . 0  2 R . O  
l l l H t>  1 4 0 0  0 . 4 6  3 b . 5  1 6 . 0  6 6 . 5  6 7 . 5  4 5 . 0 5 6 . 0 6 B . O 5 4 . 0  5 1 . 5  5 6 . 5  3 2 . 5 
1 1 1 3 7 6  1 6 0 0 0 . 1 0  3 2 . 0  3 2 . 0 35 . 5  1 1 . 0  3 1 .  0 3 4 . 0 3 5 . 5 n . o 3 2 . 5  3 6 . 5  3 1 . 0 
l l l  ' 7 6 1 8 0 0 o . o l b . O 1 6 . 5  1 6 . 5 1 6 . S 1 8 .  0 1 6 . 5 1 6 . 5 1 7 . 0  1 7 . 0  2 1 . 5 1 9 . 0 
1 1 1 3 7 6 2 1 0 0 o . o  1 4 . 0  1 1 . 5 1 3 .  ') l 1 .  5 1 4 . 0 1 3 . 5 1 3 . 5 1 4 . 0  1 4 . 0  1 8 . 5  1 5 .  5 
l I l 4 7 6  0 o . o 1 0 . 0  1 0 . 0  1 0 . 0  1 0 . 0  l l .  5 1 0 . 0 1 0 . 0 1 0 . 5  1 0 . 5  1 5 . 0  1 2 . 0  
1 1 1 4 7 6 ) 0 0  o . o 7 . 0  . 1 . 0  1 . 0  1 . 0  R . O  1 . 0  1 .  0 1 . 0 1 . 0 1 2 . 0 1 . 0  
\ 1 1 4 7 6 6 0 0  o . o fl . o  s . o  s . o  R . O  9 . 5 s . o  s . o  8 . 5  8 . 5  1 3 . 5 9 . 0  
1 1 1 4 7 6 fl O O  0 . 0 8 1 1 .  0 1 1 . 0 1 3  . o 1 3 . 0  l J . O  1 3 . 0 n . o 1 2 . 5 1 2 . 5  1 6 . 5  1 0 . 0  
l l l 4 7 6 1 0 0 0  0 . 4 0 7 q .  0 2 CJ . O 5 4 . 5  5 6 . 0 4 2 . 0 5 3 . 0 5 1 .  5 4 1 . 0 4 0 . ()  4 4 . 5 2 5 . o 
1 \ l 4 7 6 1 2 0 0  o . 5 4  4 1 . 5  4 0 . 0  7 9 . 5  8 2 . 0  6 6 . 0  8 1 .  0 7 5 . 0  5 9 . 0 5 7 . o  6 2 . 0  3 5 . 0  
\ 1 1 4 7 6 1 4 0 0  0 . 4 2 4 3 . 5  4 2 . 0 7 3 . 5 7 5 . 5  6 3 . 0 6 7 . 5 1 0 . 0 5 9 . 5 5 7 . 5  6 2 . 0  3 9 .  5 
l l l 4 1 b l ti O O  0 . 0 8 .H . 5  3 7 . 5  4 0 . 5  4 1 . 0 4 1 .  0 4 l .  0 4 0 . 5 3 9 . 5  1 9 . 0  4 3 . 5  3 1 .  5 
l l l 4 7 6 l R O O  o . o ? 6 .  0 2 5 . 5  2 5 . 0 2 5 . 0  2 5 . 5 2 5 . 0 2 5 . 0 Z 5 . 0  2 5 . 0  2 9 . 5 2 8 . 5 
1 1 1 4 7 6 2 1 0 0 o . o l '> .  0 1 5 . 5  1 5 . 0 l 5 . 0 1 7 . 0 1 5 . 5 1 5 . 0 1 5 . 5  1 5 . 5  2 0 . 0 2 0 . 5  
1 1 1 5  7 6  0 o . o  9 . 5  1 0 . 0  1 0 . 0  1 0 . 0  1 1 .  5 9 . 5  9 . 0 9 . 5 9 . 5  1 4 . 0 1 4 . 0 
l l l 5 7 1)  3 00 o . o 6 . 5  6 . 0  7 . 5  6 . 5  8 . 5  6 . 5  6 . 5 1 .  0 7 . 5  1 2 . 0  9 . 0  
1 1 1 s r 6 6 0 0  o . o 5 . 0  s . o  5 . 0  5 . 0 6 . 5 5 . 0 5 . 0 5 . 0  5 . o  9 . 5 5 . 0  
l l l 5 7 6  8 0 0  0 . 1 2  5 . 0  5 . 0  1 . 0 1 . 0 R . O 1 .  0 1 .  0 o . 5  6 . 5 1 1 . 0  5 . 5 
l l l 5 7 6 1 0 0 0  0 . 4 7  2 7 . 5  2 1' . 5  5 4 . 0  5 '· · 5 4 4 . 0  5 1 . 5  5 1 . 0 4 0 . 0  3 9 . 5  4 4 . 0  2 2 . 0  
1 1 1 5 7 &  1 2 0 0  o .  5 4  '• ? .  0 4 "! .  D 8 2 . 0 8 5 . 0  1 2 .  5 1 6 .  5 7 8 . 0 6 1 . S  6 1 . 5  6 5 . 5  38 . 5 
u 1 r; 1 t, 1 4 0 0  0 . 4 3  4 1 . 0  4 1 . 0  8 0 . 0  8 0 . 5  n . o  7 5 . 0 7 5 . 5 62 . 5 6 3 .  0 6 7 . 0 4 7 . 0  
l l l 5 1 b 1 6 0 0  o .  l l  1+ l .  0 4 1 . 5  4 6 . 0  4 1 . 5 4 6 . 0 4 7 .  0 4 (, .  5 4 4 . 0  4 4 . 0 4 8 . 5  4 5 . 0 
1 1 1 5 7 6  1 8 0 0  o . o 2 6 . 0  2 5 . 5  2 4 . 0  2 4 . 0  2 5 . 0 2 4 . 5 2 3 . 5  2 4 . 0  2 4 . 0  2 8 . 0  3 4 . 0  
l l 1 ') 7 6 2 1 0 0 o . o l l . 5  1 4 . 0  1 3 . 5 1 3 . 0  1 4 . 0 1 2 . 5  1 2 . 5  1 4 . 0 1 4 . 0  1 9 . 0  2 1 .  5 
l l l  6 7 6  0 o . o 1 1 .  0 l l . O  1 1 . 0 l l . O 1 3 . 0  1 1 .  5 1 1 . ·S  1 2 . 0 1 2 . 0 1 7 . 0  1 4 . 0 
l l l b l b  1 0 0  o . o R . O  a . o  8 . 0  7 . 5  9 . 0  7 . 5 7 . 5  8 .  0 8 . 0  1 2 . 5  9 . 0 
l l l 6 7 lo 6 0 0. o . o  s . o  5 . 0  s . o  5 . 0 7 . 0  5 . 0  5 .  0 5 . 0  5 . 0  9 . 5 6 . 0  
l l l 6 7 6  B O O  0 . 0 9  6 . 0  6 . 0  fl . 5 8 . 0 9 . 0  fl .  0 s . o 1 . 0  1 . 0  1 2 . 0 5 . 5  
L l l 6 7 6  1 0 0 0 0 . 4 8  3 0 . 5  3 1 .  5 6 1 .  0 6 4 . 5 5 1 . 5  5 7 . 0 5 7 .  5 4 5 . 0 4 5 . o 4 9 . 0 2 b . O 
l u & 7 6  1 2 0 0 0 . 5 5 5 1 . 0  4 7 . 5  9 1 . 0  1 A . O  1 1 .  5 8 1J . O 8 6 . 5  6 8 . 0 6 8 . 0 1 1 . s  4 3 . 0  
1 1 1 6 1 6  1 4 0 0  0 . 4 6 5 1 . 5  5 1 . 0 8 7 . 0 9 1 . o 7 8 . 0 e 2 . o  8 2 . 0 6 8 . 0 6 6 . 0  7 1 . 5  4 6 . 5  
l 1 1 ,, 7 6 1 6 0 0  0 .  l "i 4 1) .  0 '• 6 . 0  5 1 . 0 5 1 .  0 s o . a  <; 1 .  5 5 l .  0 4 A . 5 4 8 . 5  5 2 . 5 4 6 . 0  
1 1  I 6 1 ti 1 8 0 0  o . o H . O  H . O  3 1 . 0 1 1 . 0 l \ . O  3 0 . 5 3 0 . 5 J 0 . 5 3 0 . o 3 4 . 5 3 2 . 0 
l l l b  1 (, 2 1 0 0  o . o 3 '.> .  5 .J O .  5 3 0 . 0 3 0 . 0  3 0 . 0  . 3 0 .  0 3 0 . 0 3 0 .  0 3 0 . 0 3 4 .  5 3 1 .  0 
1 1 1  7 7 6 0 o . o 2 3 .  5 2 3 . 5 2 J . 5 2 1 . s  2 4 . 5 2 4 . 0 2 4 . 0 2 4 . 0  2 4 . 0  2 9 . 0  2 5 . 5 
l 1 1 1 7 6  3 0 0 o . o 2 0 . 0  2 0 . 0  2 A . O  2 B . O  2 8 . 0  2 8 . 0 2 8 . 0 7 H . O 2 R . O  3 2 . 5 2 9 . 0 
1 1 1 7 1 6 6 0 0  o . o  2 0 . 0  ? O . O  2 0 . 0 2 0 . 0  2 1 .  0 2 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0 2 4 . 5 2 0 . 5 
l l l 1 7 6 8 0 0  0 . 0 6 2 3 . 5 2 4 . 0 2 6 . 0 l b . 5  2 5 . 5 2 6 - 0  2 6 . o 2 5 . 0 2 5 . 0  2 9 . 5 2 3 . 5 




Tabl e C- 1 .  Con t i nued 
P Y R A N O�E T E R  R E AO l NG S 9 .C AL / S O-CM-M I N ,  A � D  T E M P E R A T UR E S ,  F ,  R E C OR D E D  A T  PO I N T NUM B E R 
O t\ T E HOUR P VR A NOf'IE T E R  l 2 3 4 5 6 7 8 9 1 0  1 1  
l l l  7 1 6 1 2 0 0  0 . 5 '5 S t, .  0 5 4 . 5 9 4 . 5 1 0 2 .  5 8 2 . 5 9 3 . 5 92 . 0 7 4 . 5  7 5 . 0 7 8 . 0  5 0 . 0  
l l l 7 7 b 1 4 00 0 . 4 5 5 5 . 5 '> 6 . 0  9 0 . 0  9 'l . O  fl 3 . 5  8 7 . 5  8 7 . 5 1 3 .  5 7 4 . 5  7 1 . 5  5 3 . 5  
1 1 1 7 7 6  1 6 0 0  0 . 1 5 5 0 . 0  r; o . s  5 6 . 5  5 8 . 5 5 6 . 0 5 7 . 5  5 7 . 5 5 4 . 0 5 4 . 0 5 8 . 0  5 1 . 5  
1 1 1  7 7 6 1 8 0 0 o . o l l . O  n . o  H . o  3 1 .  5 1 2 . 0 3 2 . 0  3 1 .  5 3 1 .  5 3 1 . 5 3 6 . 0 3 5 . 5  
l l  l 7 1 (; 2 1 0 0 o. 0 2 8 . 0 2 1 . 5 2 7 . 5 2 7 . '5 2 7 . 5 2 7 . 0 2 1 . 0 2 7 . 0 2 1 . 0 3 1 . 0 2 8 . 0 
1 1 1 8 7 (;  0 o . o  2 1 . 0  2 1 . 0  2 1 . 0 2 1 . 0 2 1 .  0 2 7 . 0 2 1 . 0 2 1 . 0 2 1 . 0  3 1 . 5  2 8 . 0 
l l l 8 7 6 3 0 0  o . o  3 0 . 0  3 0 . 0 3 0 . 0 3 0 . 0 3 0 . 5 3 0 . 0 3 0 . 0 3 0 . 0 3 0 . 0 3 4 . 5 3 1 . 0 
l l l B 7 b 6 0 0  o . o 3 '1 . 0  3 9 . 0  3 !) . 5 3 8 . 5  3 8 . 0 3 8 . 5  3 8 .  5 3 8 . 5 3 8 . 5 4 3 . 0  4 0 . 0 
l l  l A 7 6  A O O 0 . 0 3  4 3 . 0 4 \ . o  4 3 . 5  4 3 . '5 4 2 . 5 4 3 . 5 4 3 . 5 4 3 . 5  4 3 . 5 4 7 .  '5 4 4 . 0  
1 1 1 '3 7 6  1 0 0 0  0 . 1 4 5 3 . 0  5 3 . 0  5 a . c; 5 9 . 0 5 6 . 0 5 7 . 5 5 7 . 5 5 5 . 5 5 5 . 5 5 9 . 5 5 3 . 0 
1 1 \ 8 7 6 1 2 0 0  O .  l O  5 6 . 0  5 6 . 5 7 5 . 5 1 7 . 5  6 9 . 0 7 5 . 0 7 '5 . 0  6 6 . 0  6 6 . 0 6 9 . 5  5 4 . 5  
l l l 8 7 6 1 4 0 0  0 . 4 3  5 b . O  5 5 . 5 !J b . O  8 8 . 5  7 5 . 5 S J . O  8 3 . 5 7 0 . 5 1 0 .  '5 7 4 . 0  5 3 . 0  
l l l fl 7 b 1 6 0 0  0 . 1 0 4 8 . 5 4 9 . 5  5 1 . 5  S J . O  5 1 . 0  5 2 . 5 5 2 . 5 5 0 . 5 5 0 . 5  5 4 . 5 4 9 . 5 
1 1 1 8  7 6  1 8 0 0  o . o  H . O  3 3 .  5 3 3  . o  H . O 3 3 . 5 3 3 . 5  3 3 .  5 H . 5  H . 5  3 8 . 0  3 6 . 5  
l l  l A 7 6  2 1 0 0 o . o 3 0 . 0  3 0 . 0 3 0 . 0  r n . o  3 0 . 0 3 0 . 0 3 0 . 0 3 0 . 0 1 0 . 0 3 4 . 5 :n . 5  
l l l  9 7 6  0 o . o 2 b . O  2 6 . 0  2 b . O 2 6 . 0 2 6 . 5 2 5 . 5  2 5 . 5 2 5 . 5  2 5 .  5 3 0 . 0  2 6 . 0  
1 1  l ' H 6 1 0 0  o . o  2 3 . 5  2 2 . 5  2 2 . 0  2 1 . 5 2 3 .  5 2 1 . 5 2 0 . 5 2 2 .  0 2 2  . o  2 6 . 5 2 4 . 5  
l \ l ' H 6  6 0 0 o . o  1 6 . 0 1 6 .  'J l b . O 1 6 . 0  1 8 . 0  1 6 . 0 1 6 . 0 1 1 . 0 1 7 . 0  2 2 . 0 1 9 . 5 
l l l 'l f 6 8 0 0  0 . 0 4 l 7 .  5 1 7 . 5 1 8 .  '5 1 8 . 5  2 0 . 0 l R . 5 113 .  5 1 8 . 5 1 8 . 5 2 3 . 0  1 8 .  0 
l l  l 9 7 6 1 0 0 0  0 . 1 1 B . O  3 1 .  () 3 7 . 0  3 7 . 0 35 . 5  3 7 .  5 3 7 . 5 3 5 . 5  3 5 . 5  3 9 . 5 3 2 . 0  
l l l 'l1 6 1 2 0 0  0 . 4 1 4 3 . 0 4 3 . 0  5 7 . 5 5 9 . 0  5 2 . 0 5 9 . 0 5 9 . 5 5 1 . 5  5 l .  5 5 5 . 0 4 1 . 0 
l l l < H b  1 4 00 o .  V t  4 7 . 5 4 7 . 'l  7 8 . 5 B l . O 1 2 . 0 7 5 . 5  7 4 .  5 62 . 0 6 2 . 0 6 5 . 5  4 5 . 0  
l l l < H 6  1 6 0 0  0 . 0 1  3 8 . 5  B . 5  3 9 . 5  3 9 . 5  J q . o 3 9 . 5 3 9 .  5 H . o 3 9 . 0 4 3 . 0  l 9 . 0  
l l l 9 7 6 l A O O  o . o n . 5  3 3 . 5  3 3 . 5 3 1 . 5  3 3 . 5 H .  5 H . 5 3 3 . 5 3 3 . 5  3 8 . 5 3 5 . 0 
l l l 'l 7 6 2 1 0 0 o . o  3 0 . 0 J O . O  3 0 . 0 3 0 . 0 3 0 . 0  3 0 . 0  3 0 . 0 3 0 . 0 3 0 . 0  3 5 . 0 3 1 .  5 
1 1 2 0 7 6 0 o . o  n . o  3 2 . 0  3 2  . o  1 2 . 0  : n .  o 3 2 . 0 3 2 . 0  3 2 . 0  3 2 . 0  3 6 . 5  H . O  
1 1 7 0 1 6  3 0 0 o . o  H . o  J l  . o  3 1 . 0  H . O J l . O 3 1 . 0 3 1 . 0  3 1 . 0  J 1 . 0  3 5 . 5  3 1 . 5 
1 1 2 0 7 6  6 0 0  o . o 3 1 . 5  H . 5  3 1 . 5 3 1 . 5  H .  5 3 1 . 5 3 1 .  5 3 1 . 5 3 1 . 5  3 6 . 5  3 2 . 5 
l l 2 0 7 6  8 0 0  0 . 0 3 2 2 . 5  2 2 . s  2 4 . 5  2 4 . 5  2 4 . 5 2 4 . 5 2 4 . 5 2 4 . 0 2 4 . 0  2 8 . 5 2 3 . 0  
t 1 2 0 1 u 1 0 0 0  o . 3 7  3 6 . 5  3 6 . 0 6 5 . <;  6 7 . 0  5 6 . 5  6 2 . 5  6 3 . 0 5 0 . 5 5 0 . 5 5 4 .  5 3 4 . 0 
l l 7. 0  7 6  1 2 0 0 O . H 4 1 . 5  4 1 . 0 7 9 . 0 8 1 . 5  6 5 . 0  7 2 .  0 6 0 .  0 5 5 . 0  5 3 . 0 5 5 . 0  l 9 .  5 
l l 2 0 7 6  1 4 0 0 O . H 4 4 . 5 4 4 . o  7 fl . O  n . o  6 5 . 5 6 7 . 0  6 6 . 5 5 6 . 0  5 6 . 0 5 8 . 5  4 0 . 0  
1 1 2 0 7 6 l b O O  o .  n 3 8 . 5  3 8 . 5  4 0 . 0 4 0 . 5  4 0 . 5 4 0 . 5 4 0 . 5  3 9 .  5 3 9 . S  4 3 . 5  3 8 . 5 
1 1 2 0 7 6 1 8 0 0  o . o  3 J . O  J O . O  3 0 . 0 3 0 . 0  3 0 . 5 3 0 . 0 .3 0 .  0 3 0 . 0 3 0 . 0 3 4 . 5  3 1 . 0  
1 1 2 0 7 6 7. 1 0 0 o . o 2 5 . 0  2 5 . 0 2 5 . 0  2 5 . 0 2 6 . 0  2 5 . 0 2 5 . 0 2 5 . 0  2 5 . 0 2 9 . 5 2 6 . 0 
\ 1 2 l 7 6  0 o . o 2 5 . 5  2 5 . 5  2 5 . 5  2 5 . 5 2 5 . 5  2 5 . 0 2 5 . 0 2 5 . 0  2 5 . 0 2 9 . 5 2 6 . 0 
l l 2 l  7 6  "\ 0 0  o . o 2 2 . 5 2 2 . 'i  2 2 . 5 2 2 . '5  2 3 . 5 2 2 .  5 2 2 .  0 2 2 . 0  2 2 . 0  2 6 . S  2 3 . 0  
l l  2 l 7 6  6 0 0  o . o  n . r;  2 0 . 0 20 . 0 2 0 . 0 2 1 .  0 2 0 . 0  2 0 . 0  2 0 . 0 2 0 . 0  2 4 . 5 2 0 . 5  
l l l l  7 6  A OO o. n4 ;>O. 5 2 1 . 0 2 3 . 0  2 3 . 0  2 3 . 0 2 1 . 0  2 3 . 0 2 2 . 5  2 2 . 5  2 6 . 5 2 0 . 5 
1 1 2 1  n 1 0 0 0  0 . 0 1  2 5 . 0  2 5 . 0 2 b . O  l b . O  2 6 . 0 2 6 . 0 2 6 . 0 2 6 . 0 2 5 . 5  3 0 . 0 2 5 . 0 
l l 2 1  7 6  1 2 0 0 0 . 2 1  i a .  5 2 8 . 5  3 0 . 5 ) 0 . 5 3 0 . 5 J 0 . 5  3 0 . 5 2 9 . 5 2 q . 5  3 4 . 0  2 7 . 5  
1 1 2 1 1 b l 11 0 0  o . 7 1  2 0 . 0  2 11 . 0  3 5 . 0  3 7 . 5  3 4 . 5  4 2 . 0  4 3 . 0 3 6 . 0 3 5 . 5  3 9 . 0  2 8 . 0 
1 1 1 1 7 6  l t-. 0 0  0 . 0 2 2 1 . 0 2 7 . 0  2 7 . 5  2 7 . 5  2 1 .  5 2 7 . 5  2 7 . 5 2 7 .  5 2 7 . 5 3 1 . S  2 7 . 5 




Tabl e C- 1 .  Con t i nued 
P Y R A N O � E T E R R E A D I NG S , C AL / S O-CM-M I N ,  A�D T E M P E R A T UR E S ,  F ,  • E C O R O E D  AT PO I N T NUMB E R  
D H (  H O UR P Y R A N O M E T E R  l l ) 4 5 6 7 8 9 1 0  1 1  
1 1 2 1 7 6  2 1 0 0 o . o 2 J . 5  B . 5  H . 5  n . 5  2 4 . 5 2't .  0 2 4 . 0 2 4 . 0 2 4 . 0  2 8 . 5 2 4 . 0 
1 1 2 2 7 6 0 o . o 2 l . 5  2 1 . 5 2 1 . 5 2 1 . 5 2 2 .  5 2 2 . 0  2 2 . 0  2 2 . 0 2 2 . 0  2 6 . 5 2 2 . 0  
1 1 2 2 1 6  1 0 0  o . o 2 0 . 5 2 0 . 5 2 0 . 5  2 0 . 5  2 1 . 5 :? 0 . 5 ? 0 . 5 2 0 . r; 2 0 . 5 2 5 . 0  2 0 . 5 
1 1 2 2 7 6 6 0 0  o . o  l 4 . 0  1 4 . 0  1 4 . 0 1 4 . 0  1 5 . 5  1 4 . 0 1 4 . 0  1 4 . 0  1 4 . 0  1 8 . 5 1 4 . 5 
l \ 7 2 7 6 8 0 0  0 . 0 1  l � .. 5 1 5 . 5  1 5 . 5  1 5 . 5 1 7 . 0  1 6 . 0 1 6 . 0 1 6 . 0  1 6 . 0  2 0 . 5 1 6 . 0 
1 1 2 2 1 6  l 0 0 0  0 . 4 1  2 5 . 0  2 5 . 0 5 4 . 5 5 5 . 5  4 5 . 5 5 2 . 5 5 2 . 5 3 9 . 5 3 9 . 5 4 3 . 5  2 0 . 5 
1 1 2 2 7 6  1 2 0 0 0 . 4 1  2 1 .  5 2 1 . 0  5 6 . 5  6 3 . 0 4 9 . 5  6 4 . 0 6 5 . 0  4 7 . 5  4 9 .  0 5 2 . 0  2 4 . 5 
1 1 2 ? 7 6 1 4 0 0  0 . 4 2  H . 5  H . 5  6 5 . 5  6 7 . 0  5 9 . 0  6 4 . 0 6 3 . 0 4 9 . 0 4 9 . 0 5 2 . 5 2 8 . 5  
1 1 2 2 7 6 1 6 0 0  0 . 0 4  Z7 . o  2 1 . 0 3 1 . 5  3 2 . 0  3 2 . 0 3 2 . 0  3 1 .  5 2 8 . 5 2 8 . 5 3 2 . 5 2 5 . 5 
1 1 2 2 7 6 l R O O  o . o 2 0 . 5  2 0 . 5 2 0 . 5 2 0 . 5  2 1 . 0  2 0 . 5 2 0 . 5 2 0 . 5  2 0 . 5 2 5 . 0 2 0 . 5 
1 1 2 2 7 " 2 1 0 0 o . o 1 5 . 0 1 5 . 0  1 5 . 0 1 5 . 0  1 7 . 0  1 5 . 5  1 5 . 5  1 5 . 5  1 5 . 5  2 0 . 0  1 1 . 0  
l l 2 H 6 0 o . o 1 .  5 7 . 5  7 . 5  7 . 5  9 . 5  7 . 5  7 .  0 7 . 5  7 . 5  1 2 . 0  9 . 0 
l l 2 H 6 J O O  o . o  l • 0 l . O t . 5 l . 5 J . 5  1 . 5 t .  5 2 . 0  2 . 0  6 . 5  3 . 5 
l l 2 J 1 6 6 0 0  o . o s . o  5 .  0 5 . 0  'i . o  6 . 5 5 . 0  5 . 0 5 . 5  5 . 5  1 0 . 0  5 . 5 
1 1 2 1 7 6 B O O 0 . 0 2  7 . 5  7 . 5  1 .  c; 7 . 5  9 . 0  7 . 5 7 . 5 8 . 0  ;8 . o  1 2 . 5 7 . 5 
l \ ? 1 7 6 1 0 0 0  0 . 3 5  1 9 .  i; 1 8 .  ') J 5 . 0  3 7 . 0 J Z .  5 3 7 .  0 H . O 2 R . '5 2 8 . 5 3 3 . 5 1 6 . 5 
1 1 2  H 6  1 2 0 0  o .  4 1  2 1 . 0  2 5 . 5 4 1 . 5  4 9 . 5 4 2 . 5 4 5 . 5 4 2 .  5 1 4 . S  H . 5  3 6 . 5  2 2 .  5 
1 1 2 3 1 6 1 4 0 0  0 . 2 1  2 5 . 5 2 5 .  <; 3 J . 5  H . 5  3 3 .  5 3 5 . 0 3 5 . 0  3 1 .  5 3 1 .  5 3 5 . 5  2 5 . 5  
l l 2 H 6  1 & 0 0  0 . 0 6 2 6 . 0  ' 7 b  . o  2 1 . 0 2 1 . 0  n . o  2 7 . 0 2 7 . 0 2 7 . 0 2 7 . 0  3 1 . 5  l b .  5 
l l 2 H 6 1 8 0 0  o . o 2 5 . S  2 5 .  c; 2 5 . S  ? 5 . 5  2 5 . 5  2 5 . 5  2 5 . 5 2 5 . 5  2 5 . 5  3 0 . 0  2 6 . 0 
1 1 2 3 7 6  2 1 0 0 o . o 2 5 . 0  2 5 . 0  2 5 . 0 2 5 . 0  z s . s 2 5 . 5 2 5 . 5 2 5 .  s 2 5 . 5 2 9 . S 2 6 . 0 
1 1 2 4 1 6 0 o . o 2 b . 5 2 6 . 5 2 6 . 5  2 6 . S  2 6 . 5 2 6 . 5 2 6 . 5 2 6 . 5 2 6 . 5 3 1 . 0 2 6 . 5 
1 1 2 4 1 6 3 0 0  o . o 2 0 . 0  2 0 . 0  2 0 . 0  2 0 . 0  2 0 . 5 2 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0  2 4 . S  2 1 . 5 
l l 2 4  7 b  6 00 o . o  1 9 . 0  1 9 . 0  l R . 5 1 8 .  '5 1 9 . 0  l A . 5 1 8 . S  1 8 . 5 1 8 . 5 2 3 . S  1 9 . S l l } 4  'T b A O O  0 . 0 5 n . s  2 3 . 0  2 4 . 0 2 4 . 0  2 4 . 5 2 4 . 5  2 4 .  5 2 4 . 0 2 4 . 0  2 8 . S 2 3 . 0  
1 1 2 4 1 6 1 0 0 0  o . , o 1+ 0 .  0 4 0 . 0 4 <} . 0  5 0 . 0  4 6 . 5 4 9 .  5 4 9 .  0 4 4 . 5 4 4 . 5 4 8 . 5 1 6 . 0 
1 1 2 4 7 6 1 2 0 0  a . s o 5 1 . 0  5 2 . 0  6 8 . 0  9 4 . 5  7 6 . 0  8 8 .  5 8 7. 0 7 0 . 5  7 0 . 5 7 4 . 0  48 . 5 
1 1 2 4 7 6 1 4 0 0  o .  3 1  5 5 .  0 . 5 5 . ()  1 1 . 0  7 8 . 5  7 1 .  0 7 5 . 5 7 4 .  5 6 5 . 5  6 5 . 5  6 8 . S  5 3 . 0  
1 1 2 4 7 6  1 6 0 0  o . o<+  4 5 . 0  4 5 . 5  4 5 . 5  4 6 . 0 4 5 .  0 4 5 . 5 4 5 .  5 4 5 . 5  4 5 . 5 4 9 . 5  4 6 . 5  
l l 2 4 r 6  1 8 0 0  o .  0 . , l .  u H . 5  3 1 . 5  3 1 . 5 3 l .  5 3 1 . 5  : H . 5  J J . 5  3 3 .  5 3 8 . 5  3 9 . 5 
1 1 2 4 7 6  2 L O O o . o  3 1 . 5 H .  5 3 1 . 5 1 1 . S  3 1 .  5 3 L . S  3 1 . 5 3 2 . 0  3 2 . 0 3 6 . 5 3 3 .  5 
1 1 2 5 7 6 0 o . o  l D . 5  3 0 . 5 3 0 . 0 3 0 . 0  3 0 . 0 3 0 . 0 J O . a 3 0 . 0 3 0 . 0  3 4 . 5  3 0 . 0  
1 1 2 5 1 6 J OO o . o 2 0 . 0 2 0 . 0 2 0 . 0  2 0 . s  2 1 .  5 2 0 . 5 2 0 .  5 2 1 . 0  2 1 .  0 2 5 . 5  2 4 . 5 
1 1 2 5 1 6 6 0 0 o. o 1 1 .  5 n . 5  3 1 . 5 3 1 . 5 3 1 .  5 3 1 . 5  3 1 . 5  3 1 . 5  3 1 . 5 3 5 . 5 3 1 . 5  
l l 2 5 7 6  A O O  0 . 0 1 3 ::l . 5 3 0 . 5 3 1 . 0 3 1 . 0 H . O  3 1 . 0  3 1 . 0  3 1 .  0 3 1 . 0  3 5 .  '5 3 1 . 0  
l l 2 5 7 6 \ 0 0 0  0 . 1 2 H . 5  1 A . 5 n . s  3 9 . 5 3 9 . 0  3 q . 5 4 0 . 0 H . 5  3 9 . 5  4 3 .  5 3 0 . 5 l l 2 5 7 b  1 2 0 0  0 . 1 1  4 0 . 0 4 0 . 0  4 \ . 0 <+ 1 . 0  4 0 . 5 4 1 . o  4 1 . 0  4 0 . 5 4 0 . 5 4 5 . 0 4 0 . 5 l l 2 5 H i 1 4 0 0  0 . 1 6  J R . O  3 8 . 0  4 0 . 0  4 0 . 0  4 0 . 0 4 0 . 0 4 0 . 0 3 9 . 5  3 9 .  5 4 3 . 5  3 8 . 0 
l l l 5 7 6 l 6 0 0  0 . 0 1  H . O H . O  3 3 . 0 3 3 . 0 H . O  3 3 . 0  3 3 .  0 3 3 . 0  3 3 . 0  3 7 . 5  3 4 . 5 
l l 2 'i 7 6 l A O O  o . o 3 2 .  5 3 2 . '5  3 2  . 5  3 2 . 0  3 2  . o  3 2 .  0 3 2 . 0 32 .  0 3 2 . 0 3 7 . 0 H . 5  
l l 2 5 7 6 2 l 0 0  o . o 3 7 . 5 J Z  .. 5 31 .. 0 1 2 . o 32 . o  3 2 . 0 3 2 .  0 3 2 . 0 3 2 . 0 3 6 . 5  n . o  1 1 2 6 7 6  0 o . o 1 1 . 0 H .. O 3 1 . 0 n . o  3 1 . 0 3 1 . 0  3 1 . 0 3 1 . 0  3 1 . 0 3 5 . 5 3 1 . 5 
1 1 2 C. 7 6 3 0 0  o . o  2 3 . 5  ? 3 . 5  2 3 . '5  2 3 .  '5 l 3 .  5 1 3 . 'l 2 3 . 5 2 3 . 5  2 3 . 5 2 8 . 0  2 4 . 0 




Ta ble  C- 1 .  Con t i nued 
P Y � A N CM E T E R  R E hD I N G S , C h l / S Q- C M - M I N , h � D  T E M P E R A T UR E S , F ,  R E C O R D E D  AT PO I N T NUM B E R  
D A T E  HOUR  P Y R .\ � O � E H R  l 2 3 4 5 6 1 8 9 1 0 1 1  
1 1 2 6 7 6 8 0 0  0 . 0 2 2 3 . 5  2 3 . 5  2 3 . 5  2 3 . 5 2 3 . 5  2 3 . 5 2 3 . 5  2 3 . 5 2 3 . 5 2 8 . 0 2 4 . 0 
1 1 2 6 7 6 l O C O  O . O R  2 3 . 5  2 4 . 0 2 5 . 0  2 5 . 0  2 5 . 0 2 5 . 0 2 5 . 0 2 5 . 0 2 5 . 0  2 9 . 0  2 4 . 0 
1 1 2 6  n 1 2 0 0 o. l � 7. l .  0 2 1 . 0 2 '\ . 0  2 3 . 0  2 3 .  5 2 1 . 5 2 3 .  5 2 2 . 5 2 2 . 5 2 b . 5  2 1 . 0  
1 1 2 6 7 6 1 4 0 0 0 . 1 1 1 9 . 0 1 '1 . 5  2 0 . 5  2 0 . 5  2 1 . 0 2 1 . 0  2 1 . 0 2 0 . 5 2 0 . s 2 5 . 0  1 9 . 5  
t l 2 b  7 6  1 6 00 0 . 0 4 1 7 . 0  1 7 . 0 1 7  . 5  1 7 . 5 1 7 . 5  1 1 . 5 1 7 . 5 1 1 . 5 1 7 . 5  2 1 . 5  1 7 . 0  
l l  lf> 7 6  1 8 0 0  o . o 1 2 . 5  1 2 . 5  1 2 . 5  1 2 . 5 n . o  n . o  1 2 .  5 1 3 . 0  1 2 . s  1 7 . 5  o . o  
1 1 2 6 7 6 2 1 0 0 o . o 4 .  (.) '.\ . 5 4 . 0 1 . 5  4 . 0  J .  'j 4 . 0  3 . 5  4 . 0 a . o  J . 5  
1 1 2 77 6  0 o . o  - 1 . 5  - 1 . 5  - 1 . 5 - 1 . 5 - 1 . 5  - 1 . s  - 1 . 5  - 1 .  5 - 1 . 5  3 . 0  - 1 . 5  
1 1 7. 7 7 6  ) 0 0 o . o  - 6 . 0  -6 . 0  - 6 . 0  - 6 . 0  - 6 . 0  - 6 . 0 - 6 . 0 - 6 . 0  - 6 . 0  - 1 . 0 -6 . 0 
l l 2 7 1 b b O O o . o - 9 . 5  - 9 . 0  - n . 5  - 8 . 5  - 8 . 5  - R . 5 - 9 . 0 - B . 5 - a . o  - 3 . 5  - 8 . 5 
1 1 2 1 7 6 A O O  0 . 1 0  - :J . 5 -9 . 5  - 8 . 0  - 7 .  5 - ., • 5 - 1 . 5 - 8 . 0  - a . o - a . a - 3 . 0 - 9 . S  
1 1 2 1 7 6  1 0 0 0 0 . 4 0  - 1 . 0  o . o  2 7 . 0  3 1 . 5  3 0 . 0  3 2 . 5  2 6 .  5 z l .  0 2 1 .  5 2 6 . 5 1 .  0 
1 1 2  7 7 6 1 2 0 0  o . c; o 4 . 0  5 . 0  4 1 . 5  4 7 . 5  4 3 . 5  3 3 . S 3 8 . 5 2 3 . 0  1 3 . 5  2 1 . 0  5 . 0  
1 1 7. 7 7 6  1 4 0 0  0 . 4 2  7 . 5 7 . 5  3 5 . 0  3 3 . 0  3 8 . 5  '\ 5 . 0 2 5 .  0 1 4 . 0  l � . o  1 5 . 5  4 . 5 
l l 2 7 1 b 1 6 0 0 0 . 1 0 .. . 5 4 . 0 9 . 0  1 . 0  6 . 5  5 . 5  5 . 0 5 . 0  5 . 0  9 . 5  3 . 5  
1 1 2 7 1 6 1 8 0 0  o . o  - 1 . 0  - 1 . 0  - 1 . 0 - 1 . 0 - 1 . 0  - 1 . 0 - 1 . 0  - 1 . 0  - 1 . 0 4 . 0  o . o  
l l l 7 7 b 2 1 0 0 o . o -6 . 5  - 6 . '>  - 6 . 5  - 6 . 5  - 6 . 5 - 6 .  5 - 6 .  5 - 6 .  0 - 6 . 0  - 1 . 0  - 5 . 0  
1 l 2 8 7 b 0 o . o -9 . 0  - A . O  - 8 . 0  - 6 . 5  - B . 5 - B . 5  - 8 .  5 - 8 . 0 - 8 . o  - 3 . S - 8 . 0  
1 1 2  8 7 6  3 0 0  o . o - � . o - 9 . 0 - 9 . 0  - 9 . 0  - 9 . 0  - 9 . 0 - 9 . 0 - 8 . 5  - 8 . 5  - 7 . 5 - 9 . 0  
l 1 2 !3 7 6  6 0 0  o . o - 1 2 . 5  - 1 2 . 5  - 1 2 . 5  - 1 2 . 5 - 1 2 . 5 - 1 2 . 5 - 1 2 .  5 - 1 2 . 0  - 1 2 . 0 - 1 . 0  - 1 2 . s  
1 1 2  8 7 6  B O O 0 . 0 4 - 1 6 . :> - 1 6 . 0  - 1 6 . 0  - 1 6 . 0  - 1 5 . 5  - 1 5 . 5  - 1 5 . 5 - 1 5 . 0  - 1 5 . 0  - 1 0 . s - 1 4 . 0  
l l 2 8 7 6  1 0 0 0  O . H - 9 . 0  - it . 5 - 8 . 0  - R . O - 7 . 5  - 7 . 5  - 1 .  5 - 1 . 5 - 7 . 5 - 3 . 5  - 9 . 5  
l l 2 R 7 6  1 2 0 0  0 . 5 5  3 . 0  l . 5 2 1 .  0 H . 5 3 4 . 5 3 0 . 0 3 2 . 5 2 0 . s  2 2 . 0  2 5 . 0  1 . 5  
1 1 2 13 1 6 1 4 0 0  0 . 3 0  1 . 0  6 . 0  2 4 . 0 z q . o  3 7 .  0 3 5 . 5  3 6 . 0 2 3 . 5 2 4 . 5 2 7 . 5  s . o  
1 1 2 1\ 1 6 1 6 0 0 0 . 1 2  5 . 0 5 . 0  1 0 . 0  1 0 . 5  1 2 . 5  1 1 .  ') 1 0 . 5  B . 5  8 . 5  1 2 . 5 5 . 5  
1 1 7 8  7 6  l R O O  o .  0 - 1 . 5  - 1 . 5 - 1 . 5  - 1 . 5  - 1 . 5 - J .  5 - 3 . 5 - 3 . 0  - 3 . 0 1 .  5 - 2 . 0 
l l 2 R 7 6 2 1 0 0 o. 0 - 2 . 5  - 2 . 5  - 2 . 5  - 2 . 5 - 3 .  0 - 3 . 0  - 3 . 0  - 2 . 5 - 2 . 5  2 . 5  - 2 . 0  
l l 2 9 7 b 0 o . o - 1 . 0 - 1 . 0  - 1 . 0  - 7 . 0 - 1 . 0  - 7 . 0  - 1 . 0 - 7 . 0 - 1 . 0  - 2 . 5  - 1 . 0  
1 1 2 1) 7 6  3 0 0  o . o -1 . 0 - 1 . 5  - 1 .  5 - 1 .  5 - 7 .  5 - 1 . 5 - 8 . 0 - 7 . 5 - B . O  - 3 . 0 - 7 . 5  
l l 2 CJ 7.6 6 0 0  o . o - 7 . 5  - 7 . 5 - 7 . 5  - 7 . 5  - 7 . 5 - 7 . 5 - 7 . 5 - 7 . 0 - 1 . 0 - 2 . 0 - 7 . 0 
1 1 2 9 7 6 8 0 0  0. 0 4  - 1 . 0 - 7 . 5 - 7 . 0 - 7 . 0 - 6 . 5 - 6 . 5 - 1 . 0 - 6 . 5 - 7 . 0 - 2 . 0  - 6 . 5 
1 1 2 1 7 6  1 00 0  O . H s . o  6 . 5  2 5 . 5  2 8 . 5  3 0 . 5 2 8 . 0 2 7 . 5  1 7 . 5  1 8 . 5  2 2 . 0  3 . 0  
1 1 2 CJ7 6  1 2 00 0 . 1 2  e . s  8 . 5  l R . 5  1 8 . 0  1 9 . 5  l R . 5  1 [{ . 5  1 4 . 5 1 4 . 0  1 8 . 5  7 . 0 
l l .?1 7 6  1 4 0 0 0 . 2 4 9 . 5  fJ .  0 l '9 .  5 1 4 . 5  1 6 . 0 1 4 . 5 1 4 . 5 1 2 . 5  1 2 . 5 1 7 . 0 a . o 
1 1 2 9 7 (, 1 6 0 0  0 . 0 6  R .. 0 l:l .  0 9 . 0 9 . 0  9 . 0  9 . 0  9 .  0 8 . 5  a . 5  1 3 . 5  8 . 5  
l 1 2 'l 7 6  1 8 0 0  o . o 3 . 5  3 . 5 3 . 5 J . 5  3 . 0  3 .  0 3 . 5  3 . 5  4 . 0  8 . 5  " ·  5 
l l 2 'J 7 6  2 1 0 0 o . o - 9 . 5  - 1 0 . 0  - 1 0 . 0  - 1 0 . 0 - 1 0 . 0  - 1 0 . 0 · - 1 0 . 0 - 9 . 0 - 9 . 0  - 4 . 0 -8 . 5 
1 1  J 0 7 6  0 o. 0 -9 . 0 - s . o  - o . o  - 8 . 0  - 8 . 0  - a . o - a . o - s . o - 7 . 5 - 3 . 0  - 7 . 5 
1 1 3 0 7 6 J O O  o . o t .  0 l . O  l .  0 1 . 0 1 .  0 1 .  0 l .  0 l .  5 l .  5 6 . 5  2 . 0  
1 1 3 0 7 6 6 0 0 o . o 3 . 0  3 . 0  3 . 0 3 . 0  3 . 0 3 . 0  3 . 0  3 . 0  3 . 0  7 . 5  3 . 5 
l l 3 0 7 b  8 0 0 0 . 0 2 8 . 0  !t .  5 1 1 . 0 l l  . O  1 2 . 0 1 1 .  5 1 1 .  5 1 0 . 5 1 0 . 0  1 5 . o  8 . 0 
l l 3 0  7 6  1 0 0 0  O . Z l  1 5 . 5  1 6 . 5  2 4 . 0  2 2 . 0 2 4 . 5 2 2 . 0 2 1 .  0 1 9 . 0  1 9 . 0  2 3 . 0  1 4 . 5  
l l 3 0 f b 1 2 0 0 0 . 10 1 5 . 0  1 5. 0 2 0 . 0  t ? . 5  2 0 . 5 2 0 . 0 2 0 . 0 1 8 . 5  1 8 . 5 2 2 . 5 1 4 . 5 
........ 
°' 
